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Abstract

Glioblastoma (GBM) is a common and devastating primary brain tumor, with median survival 

of 16-18 months after diagnosis in the setting of substantial resistance to standard-of-care and 

inevitable tumor recurrence. Recent work has implicated the brain microenvironment as being 

critical for GBM proliferation, invasion, and resistance to treatment. GBM does not operate in 

isolation, with neurons, astrocytes, and multiple immune populations being implicated in GBM 

tumor progression and invasiveness. The goal of this review article is to provide an overview 

of the available in vitro, ex vivo, and in vivo experimental models for assessing GBM-brain 

interactions, as well as discuss each model’s relative strengths and limitations. Current in vitro 
models discussed will include 2D and 3D co-culture platforms with various cells of the brain 

microenvironment, as well as spheroids, whole organoids, and models of fluid dynamics, such 

as interstitial flow. An overview of in vitro and ex vivo organotypic GBM brain slices is also 

provided. Finally, we conclude with a discussion of the various in vivo rodent models of GBM, 

including xenografts, syngeneic grafts, and genetically-engineered models of GBM.
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Introduction:

Glioblastoma (GBM) is the most common and aggressive primary brain tumor (classified 

as a WHO Grade 4 primary brain tumor), with a median survival of 16-18 months after 

diagnosis and annual mortality of 12-14 thousand lives in the U.S. alone [32, 54, 80, 

118, 128]. Conventional therapies for GBM include maximum safe surgical resection, 

radiation, and temozolomide chemotherapy, but these have had limited success against 

preventing recurrence of GBM, largely due to GBM resistance mechanisms [18, 38, 

104, 144]. A long-standing frustration in the field of GBM therapeutics has been good 
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efficacy of potential therapies in preclinical models, but subsequent failure of these 

therapies in clinical trials, underscoring the need for understanding and developing models 

that better recapitulate the genetics and phenotype of human GBM [10, 82]. In this 

light, there is a growing body of recent literature suggesting that GBM malignancy and 

resistance mechanisms are due at least in part to GBM interactions with cells of the 

brain microenvironment, including neurons, astrocytes, oligodendrocytes, macrophages, 

microglia, and other immune populations. Work by different groups have demonstrated 

that GBMs adapt neural mechanisms to drive malignancy and treatment resistance [65, 

102, 135–138, 147]. Specifically, Monje and coworkers in 2015 demonstrated that neural 

activity drives glioma growth through release of the synaptic protein Neuroligin-3 [137] 

which was followed up by a 2019 study that demonstrated glioma integration into neural 

circuits at both the electrical and synaptic levels [138]. Similarly, work by Winkler and 

colleagues has very recently shown that GBM can hijack neuronal mechanisms to drive its 

invasion, including synaptic input from neurons [136] . Additional work by this group has 

demonstrated that GBM cells can form functional and therapy-resistant microtube networks 

between themselves, and that these are partially responsible for GBM invasion, proliferation, 

and treatment resistance [102, 147]; formation of these microtube connections is driven 

by TGF-β [65], a molecule known to drive tumor progression in GBM through both 

tumor-intrinsic and tumor-extrinsic mechanisms [7, 13, 23, 84, 92, 106, 132]. In addition 

to neurons, a related body of literature has also implicated astrocytes and oligodendrocytes 

as potential drivers of GBM proliferation, invasion, and chemoresistance, thus emphasizing 

the notion that GBM progression relies on the cellular brain microenvironment [15, 26, 53, 

55, 67, 112, 139, 158].

In addition to interactions with neurons, astrocytes, and oligodendrocytes, it is also being 

increasingly recognized that GBM cells can interact with local immune cell populations in 

the brain tumor microenvironment (abbreviated TME), including macrophages, microglia, 

dendritic cells, and T cells, among other immune subsets, to facilitate GBM malignancy [3, 

4, 6, 24, 31, 44, 60, 78, 100, 103, 111, 115, 119, 126, 140, 142]. Notably, GBM tumors 

have a substantial population of tumor-associated macrophages and microglia (collectively 

referred to as TAMs) which can comprise up to 50% of the cells in the brain TME [6]. In 

general, GBM TAMs are thought to exist on a continuum between M1 and M2 states [37, 

48, 107, 145, 160, 163]. M1-like TAMs possess anti-tumor properties, including release of 

tumoricidal molecules, expression of proinflammatory cytokines, and direct phagocytosis 

and killing of tumor cells, with subsequent tumor antigen presentation to T cells to drive 

an adaptive immune response against GBM. In contrast, M2-like TAMs tend to be tumor-

promoting via release of angiogenic and tumor growth/invasion factors and inhibition of an 

antitumor immune response [163]. In GBM, the majority of TAMs tend to take on more 

of an M2-like phenotype, with a greater M2 TAM infiltrate being associated with poorer 

prognosis [150, 154] . Emerging immunotherapy strategies targeting TAMs are directed 

towards re-programming TAMs towards an anti-tumor, M1-like, phenotype [107] and there 

has been much interest in repolarization of TAMs to augment immunotherapies [14, 79, 

97, 105, 141], such as immune checkpoint blockade, which has not been successful as a 

monotherapy against GBM. Other myeloid cells in the GBM tumor microenvironment have 

also attracted attention, such as dendritic cells (DCs). Though there are limited circulating 
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DCs and a prevalence of DC immune dysfunction in the GBM tumor microenvironment [2], 

recent studies have shown potential of certain DC subtypes to capture GBM antigens and 

present them to MHC-I-restricted cytotoxic T cells both in the TME and in local cervical 

lymph nodes (CLNs) in order to initiate a T cell response against GBM [125]. In this 

context, ongoing efforts are currently geared towards development of DC vaccines against 

GBM as a potential therapeutic option.

Collectively, the aforementioned discussion highlights the role of the complex brain 

microenvironment in shaping GBM malignancy and resistance to treatment. Lack of 

accurate preclinical models to address these interactions may have been a weakness in 

prior studies that could not successfully be translated to improving patient outcomes. It has 

become evident that understanding GBM interactions with the brain microenvironment is 

paramount to unveiling mechanisms of GBM progression and treatment resistance, so that 

the scientific community can efficiently develop and test potentially translatable therapies 

at the preclinical level. To rigorously interrogate these microenvironment interactions, there 

is a pressing need to understand, utilize, and develop preclinical models that can accurately 

factor these interactions in order to fuel discovery-driven research for GBM with higher 

probability for successful translation to the clinic. The goal of this review article is thus 

to provide an updated overview of the latest in vitro, ex vivo, and in vivo preclinical 

models of GBM with respect to their incorporation of these critical GBM-microenvironment 

interactions.

In Vitro Models of the Glioblastoma Microenvironment:

The in-depth exploration of glioblastoma (GBM) interactions within the brain environment 

has been significantly propelled by advances in in vitro models. Delving into the intricate 

dynamics of GBM-brain interactions and other influencing factors with these models 

has expanded our understanding of tumor behavior, growth, and invasion in the brain 

microenvironment in vivo and in humans. Among the various in vitro models of the 

glioblastoma microenvironment are mixed two-dimensional (2D) and three-dimensional 

(3D) cell co-cultures, whole organoid and spheroid cultures, and microfluidic/interstitial 

flow models. Each of these categories will subsequently be discussed in detail.

Mixed Two-Dimensional (2D) and Three-Dimensional (3D) Cell Co-
Cultures: GBM co-cultures typically involve directly mixing GBM cells with various 

cells of the GBM brain microenvironment – these can include astrocytes, oligodendrocytes, 

neurons, macrophages, and microglia. Among the simplest of these models are conventional 

2D platforms, where GBM cells and microenvironment cells are combined in flat culture 

vessels (flasks, dishes, plates, etc.) and grown together in contact as a monolayer [66]. While 

this model has proved to be a workhorse in the GBM field in terms of drug-screening 

throughput and characterization of GBM cell phenotype, there are several key limitations 

with the 2D platform—including phenotypic and morphologic changes that occur over time, 

as well as greater susceptibility to genetic drift phenomenon, likely due to growth of the 

cells on a flat surface that does not recapitulate their growth patterns and behavior in vivo 
[90, 131, 152]. These drawbacks could explain the efficacy of certain drugs in 2D in vitro 
GBM applications, but subsequent lack of efficacy in GBM mouse models and in clinical 
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trials. To address these limitations, 3D models have been developed to better recapitulate 

the growth of GBM and microenvironment cells in vivo. Generally, these 3D models have 

involved growth of cells in a multiprotein hydrogel (Matrigel) or scaffold to facilitate 

formation of three-dimensional biological tissues or cellular structures. Readers interested in 

a comprehensive technical evaluation of 2D and 3D cell culture platforms are encouraged to 

read the excellent reviews published on the topic [35, 66].

In order to distinguish the GBM cells from microenvironment cell types, GBM cells can 

be either labeled with a fluorescent marker such as green fluorescent protein (GFP) or 

modified to constitutively express a marker such as firefly luciferase (which can allow for 

luminescence to approximate GBM cell numbers in wells) [27, 75]. The co-culture can also 

be plated on culture 2D transwell inserts (transwell assay), where invasion of GBM cells can 

be subsequently measured. Coniglio et al. [27] optimized a protocol in which GBM cells 

are marked with GFP and macrophages or microglia are marked with red fluorescent protein 

(RFP). The GBM-macrophage/microglia mixture was then plated on matrix-coated inserts 

and invading GBM cells quantified with confocal microscopy 48-hours later. The authors 

extended this model to a 3D platform in which the GBM-macrophage/microglia mixture was 

seeded in a 3D matrix; the invading GBM cells were quantified by generating Z-stack series 

using fluorescent laser confocal microscopy, to assess the degree of invasion throughout the 

matrix. Interestingly, the authors noted that co-culturing GBM cells with either macrophages 

or microglia significantly increased GBM invasion relative to GBM cells alone with no 

macrophages or microglia present, in both 2D and 3D co-culture models. Other studies 

have used similar 2D co-culture platforms to interrogate the role of macrophage phenotype 

(M1 vs. M2) in the presence of GBM cells after treatment with various agents [57, 75, 

151, 162]. In addition to myeloid cells, GBM-T cell co-cultures have also been employed 

to assess T cell phenotype in vitro in the GBM setting [52]. While many studies have 

focused on in vitro co-cultures of GBM with immune cells, there have been some studies 

that have utilized a co-culture system containing GBM cells and supporting cells of the 

brain in order to better understand GBM interactions with neighboring neural and glial 

cell types. For instance, Civita et al. [26] utilized 2D and 3D models of a GBM-astrocyte 

co-culture in order to understand behavior of these interacting cell types. Briefly, GBM cells 

and non-neoplastic astrocytes were individually labeled with Cell Trace dyes and plated in 

either a contact 2D co-culture or a hyaluronic acid-gelatin 3D hydrogel model; the authors 

found evidence in both models that astrocytes could promote GBM growth and migration, as 

well as form tunneling nanotube (TNT) connections with GBM cells to deliver mitochondria 

from astrocytes to GBM—which could determine therapeutic response to various drugs and 

affect GBM survival. More recently, Guyon et al. (2021) [49] optimized a GBM-neuron 

co-culture model in which GBM cells were cultured with patterned neurons. The authors 

postulated that this model allows for accurate modeling of white-matter-tract invasion and 

for better understanding of how neurons can modulate GBM invasion.

Spheroid and Whole Organoid Cultures: While in vitro models involving 

monodispersed cells have been useful, advances have been made with both spheroid 

and organoid models of GBM, which better capture the heterogeneity of the brain 

tumor microenvironment. In general, GBM spheroids consist of aggregates of GBM and 
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microenvironment cells either in suspension or embedded within a 3D matrix. In their 

simplest form, spheroids consist of either GBM cells aggregated as spheres or glioma 

stem cells (GSCs) grown as neurospheres [16, 17, 113, 146]. Certain culture conditions 

can facilitate sphere formation and maintain a phenotype and genotype similar to that of 

human GBM, such as growth of GSCs under serum-free conditions in Neurobasal medium 

supplemented with fibroblast growth factor (FGF), epidermal growth factor (EGF), and 

N-2 neural supplement [74, 159]. In general, the field of glioblastoma research is currently 

trending towards cultivating GBM cells under these stem-like conditions, as traditional 

serum-containing medium has been shown to induce phenotypic, morphological, and genetic 

alterations that alter the cellular phenotype away from that of actual human GBM, raising 

the question of whether serum-derived GBM lines accurately model human GBM [74]. 

Importantly, the aforementioned sphere aggregates contain several additional features that 

recapitulate GBM in vivo and in humans, such as cell-cell communication in 3D space and 

existence of a hypoxic core at the center of the spheres—thus providing a distinct advantage 

over single-cell culture models cultured in serum [17]. In the case of GSCs, the cells exhibit 

stem-like features such as expression of stem cell markers (specifically, CD133, nestin, 

and NANOG, among others), high plasticity, and possible origin from neural stem cells. 

Moreover, it has been found that glioma stem cell spheroids also contain other neural cell 

populations, including astrocyte, oligodendrocyte, and neuron precursors, implying that this 

model better captures GBM heterogeneity and interactions with neuronal/glial cell types [74, 

83, 156].

Whole organoid models attempt to take the spheroid models a step further to account for 

interactions of GBM cells with other microenvironment cells of the brain, in an architecture 

that mimics brain organization. In general, organoids represent a 3D culture platform 

generated from self-organizing stem cells. Importantly, these models can better capture 

tumor heterogeneity and the composition of the microenvironment and native tumor organ 

compared to cell line cultures, as highlighted in previous reviews [64, 130]. They have been 

utilized broadly for applications such as modeling brain tumor formation and growth, brain 

microenvironment interactions with GBM, and anti-GBM drug screening [149]. In 2013, a 

study published in Nature [73] first reported on generation of human pluripotent stem-cell 

derived cerebral organoids, which spontaneously developed various brain regions such as 

cerebral cortex with distinct cortical neuron subtypes [73, 121]. The cerebral organoid model 

has more recently been carried forward in the GBM field, with several 2018 studies utilizing 

a variant of the model that introduced oncogenic mutations via CRISPR-Cas9 genome 

editing to drive tumorigenesis in the organoid [11, 99]. One year later, Linkous et al. [81] 

utilized a variant of this cerebral organoid model in which they used patient-derived GSCs 

and human embryonic stem cell-derived cerebral organoids to generate patient-specific 

GBMs that closely phenocopy patient GBMs (termed the GLICO model). Moreover, the 

authors noted that these cerebral organoid GBMs are supported by networks of tumor 

microtubes that facilitated GBM invasion into normal host tissue, representing an important 

advance in understanding microtube dynamics in 3D in vitro platforms. Recently, Fedorava 

et al. adapted this GLICO model for modeling glioblastoma migration [39]. Notably, new 

efforts have also focused on developing publicly available biobanks of GBM organoids to 

facilitate basic and translational research utilizing these advanced 3D in vitro platforms [61].
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While spheroids and organoids have represented an intermediate platform for modelling 

GBM-brain microenvironment interactions (between in vitro cell cultures and in vivo mouse 

models), there are certain disadvantages to consider with these models. First, unlike most 

2D cell culture platforms, there is no standardized protocol for generating and maintaining 

spheroids and organoids, implying potential difficulties in reproducibility from study-to-

study between different research groups and experiment-to-experiment variability in the 

cellular composition of the GBM organoid. Additionally, certain features of the brain 

microenvironment may not be as accurately modeled with these platforms, such as the 

immune and vascular landscapes [108, 149].

Microfluidic and Interstitial Flow Models: While the aforementioned model systems 

have proved useful in understanding interactions of GBM cells with cell types in the 

brain microenvironment, one key limitation is that they do not account for interstitial flow 

forces in the glioblastoma microenvironment. In this light, Munson and colleagues have 

made significant advances in our experimental understanding of these factors. In 2013, 

this group determined that interstitial flow was a key regulator of glioma cell invasion 

and that this was mediated causally by the chemokine CXCR4 [94]. The study utilized 

an elegant three-dimensional culture model of interstitial flow in which tumor cells were 

seeded in a hyaluronan gel and then placed in a cell culture insert, which was subsequently 

cast and subjected to a pressure head (created with culture medium) which led to a fixed 

average velocity through the cellular compartment. Distribution and polarization of GBM 

cells was evaluated in a related model in which matrix-embedded cells were added to 

radial flow chambers and subjected to pressure-driven flow. After fixing chambers with 

paraformaldehyde and immunostaining, the distribution of cells in the flow chambers was 

assessed with confocal microscopy. These models were extended in a follow-up publication 

[72], in which the group discovered that interstitial flow drives glioma stem cell invasion 

via CXCR4, CXCL12, and CD44. The group carried these studies forward with a paper in 

2018 that reinforced the paradigm that interstitial flow enhances GBM (GL261 line) cell 

invasion via CXCR4 and CXCL12 using the aforementioned in vitro 3D culture model. 

These findings were extended to in vivo models that ultimately found that interstitial 

and convective flow enhanced GBM invasion in a CXCR4-dependent manner [28]. Very 

recently, the Munson group extended their 3D in vitro model of interstitial flow to assess 

how interstitial flow modulates GBM cells when they are surrounded by neighboring cells 

of the brain microenvironment. The study utilized a four-component 3D model of the 

GBM microenvironment that consisted of patient-derived glioma stem cells co-cultured with 

human glial cells (specifically, astrocytes and microglia) and used this model to assess 

invasion, stemness, and proliferation with respect to fluid forces, response to chemotherapy, 

and phenotype of the glial cells [29]. Importantly, the results displayed heterogeneity 

between different patients and could represent an important step towards precision medicine 

of glioblastoma patients. Another key area of research in the microfluidics space has 

been developing models to recapitulate the blood-brain barrier (BBB) and assess drug 

permeability across the barrier in the setting of GBM. In this light, Straehla et al. generated 

a vascularized in vitro model in a microfluidics device that consisted of self-assembled 

vascular networks of human endothelial cells, astrocytes, and pericytes to assess transport 

of nanoparticle therapeutics across the BBB and into GBM cells grown as spheroids 
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(patient-derived GBM22 from the Mayo Clinic Brain Tumor PDX National Resource) [127]. 

Importantly, the research group noted concordance between in vitro and in vivo models, 

suggesting the utility of this approach for development of translatable nanotherapeutics. Shi 

et al. very recently utilized a similar in vitro model which they adapted as a screening 

tool for evaluating the BBB permeability and anti-glioma efficacy of traditional Chinese 

medicine components [124]. Evaluation of the role of complex variables such as fluid forces 

and BBB permeability represent important advances in GBM research towards precision 

medicine. Current efforts have also moved towards “glioblastoma-on-a-chip” models based 

on microfluidics and 3D bio-printing in an effort to develop more accurate in vitro models of 

the complex GBM microenvironment, as reviewed by Xie et al [148].

Consideration of Cell Types and Sources for in vitro studies: In all of the 

previously discussed models, an important consideration is the source and origin of the 

GBM and microenvironment cells used. While many studies have employed immortalized, 

serum-derived human glioblastoma lines such as U251MG and U87MG, these models are 

falling out of favor for models that more closely recapitulate the genetics and phenotype of 

human GBM, such as patient-derived xenograft (PDX) lines [1, 5, 68] and glioma stem-like 

cells [20, 30, 143]. Importantly, these newer models can be cultivated under serum-free, 

stem-like conditions, which has been shown to preserve the genetics and phenotype of the 

cells to be more similar to that of human GBM, as previously discussed [74]. In an effort to 

make PDX models more accessible to researchers, the Mayo Clinic has established the Brain 

Tumor PDX National Resource for distribution of these lines across the world, with data on 

the characterization of these lines publicly available [134]. Additionally, there are multiple 

well-established murine GBM lines that can also be used for these studies (these models are 

further discussed under “in vivo glioblastoma mouse models”)

Choice of the cell types used for the microenvironment is much broader – as previously 

discussed, GBMs can be co-cultured with neurons, oligodendrocytes, astrocytes, microglia, 

and macrophages, among other cell types. To facilitate this work, there are multiple 

commercially available cell lines of both human and murine cell types (both primary and 

immortalized lines) that can be used for in vitro co-culture studies, as summarized in Table 

1.

Ex Vivo and in Vitro Organotypic Brain Slice Models of Glioblastoma:

While cell co-culture models have been useful in modeling GBM and its microenvironment 

interactions with other cell types, as well as screening potential anti-GBM agents, one 

limitation of that approach is that the cell populations are dissociated and not present 

in their native, intact organ. To partially address this, the organotypic brain slice culture 

model utilizes brains harvested ex vivo from mice/rats or patient brain tissue retrieved 

from neurological surgeries. Briefly, slices are prepared from rodent or human brain tissue 

via a tissue chopper or vibratome capable of preparing 200-400 μm thick sections and 

cultured in a medium with a specialized composition for up to a few weeks. The model 

can be modified to include GBM by either generating the slices from GBM patient 

surgical samples, GBM-bearing mice, or by directly injecting GBM cells into regions of 

the slice(s) with a microinjector apparatus. The model can be used to study multiple aspects 
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of glioma biology, including GBM invasion patterns, GBM growth/migration in the brain, 

screening of potential anti-GBM agents, and assessment of the brain microenvironment 

via a diverse array of methodologies including immunohistochemistry staining, fluorescent 

imaging, and confocal time-lapse microscopy [58, 62, 91, 93, 109, 114]. There have 

been multiple excellent studies in the literature utilizing applications of this model; in 

2019, the Heiland group in Germany developed a human cortical slice system involving 

injection of patient-derived GBM cells into the brain slice tissue (which was derived from 

surgical patient samples) in order to model GBM progression [114]. The group noted 

that growth and invasion patterns, response to temozolomide chemotherapy, and the local 

cytokine milieu were similar to patterns of tumor growth seen in vivo and in humans. 

Furthermore, the group extensively validated this model in terms of viability/vitality of the 

brain tissue using multiple methods, including immunohistochemistry, electrophysiology, 

and RNA-sequencing. Finally, the group sought to use this GBM slice system to characterize 

the brain microenvironment during GBM progression in terms of astrocyte profiling using 

magnetic-activated cell sorting (MACS) and compared the signatures seen in this slice 

model to those seen in human GBMs and mouse models. The authors go on to propose that 

their isolation protocol will allow investigators to isolate and purify other cell types from this 

slice system, including neurons, oligodendrocytes, and microglia. In another study, Merz et 

al. [91] utilized slices prepared from human GBM surgical biopsy tissue to study the effects 

of irradiation, proliferation (with Ki67 staining), and temozolomide treatment. Jensen et al. 

[62] directly injected glioma stem cell spheroids into rat-derived brain slices to study GBM 

invasion patterns via confocal time-lapse microscopy and immunohistochemistry, noting that 

GBM invasion in brain slices closely mimicked the patterns seen in vivo. Interestingly, a 

report by Marques-Torrejon et al. [86] noted that the engraftment pattern of patient-derived 

glioma stem cells varied depending upon the specific brain slice anatomical region that was 

injected, with the subependymal zone being a hotspot for efficient GBM engraftment and 

microenvironment signaling. To evaluate the brain slice model as a GBM drug screening 

tool, Minami et al. [93] reported that fluorescence-based tumor imaging and immunostaining 

were sufficient to evaluate the effects of cisplatin, temozolomide, paclitaxel, and tranilast. 

Similarly, Pencheva et al. [110] utilized GBM brain slices to identify a druggable molecular 

pathway that could control glioma invasiveness, along with other recent reports utilizing 

GBM brain slices to evaluate the effects of different drugs and agents [56, 109]. The brain 

slice model has also been extensively used to model glioma invasion and migration patterns, 

with different reports describing detailed protocols and methods for generating these model 

systems of GBM invasion [33, 36, 133].

Organotypic brain slices confer distinct advantages over other models of GBM. First, the 

GBM cells are contained in a three-dimensional space where the brain spatial architecture 

and microenvironment is completely preserved, allowing for accurate modeling of GBM 

migration and invasion patterns in live neural tissue, in contrast to traditional in vitro cell 

culture models. Second, the brain slice approach represents a simpler, higher throughput 

and more cost-efficient approach to modeling GBM and its microenvironment interactions 

compared to in vivo mouse models. However, there are several drawbacks to this system: 

GBM slice cultures can usually be maintained only for a few weeks under sterile conditions 

and the choice of culture medium is often critical, with serum-containing medium often 
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leading to differentiation of neural stem cells and decreased viable culture time of the slices 

to only a few days [86]. Moreover, age of the animal donor has also been implicated in 

viability of the resulting slice culture, with slices from younger animals generally resulting 

in more viable slice tissue and slices from older animals generally containing less viable 

tissue [58]. Additionally, slice cultures cannot be modified to accurately model fluidic 

factors such as interstitial flow, unlike with certain 3D cell culture and in vivo models. 

Lastly, slice cultures of GBM have not yet been adapted to accurately model the BBB and 

the interactions of GBM with the BBB or permeability of agents across the BBB [46, 58, 

108]. Indeed, the BBB is an important variable that has not been accounted for in the studies 

involving drug screening on GBM brain slices.

In Vivo Glioblastoma Mouse Models:

Mouse models have proven to be critical in preclinical glioblastoma studies and in validating 

in vitro and ex vivo findings, and naturally include modeling of the GBM microenvironment 

limited only by cross-species differences. The various GBM models can broadly be 

divided into orthotopic and genetically engineered models, with the former involving direct 

implantation of GBM cells into the brains of mice using stereotactic equipment. The latter 

typically involves models capable of spontaneously forming GBM brain tumors secondary 

to targeted genetic mutation(s) in key GBM oncogenes. Orthotopic models can be further 

divided into xenograft and syngeneic subtypes, with xenografts involving the implantation 

of human GBM cells into immunodeficient mice and syngeneic grafts involving the 

implantation of murine GBM cells into immunocompetent mice. The key advantages of 

these models include the study of GBMs in living mammals (which are the closest models 

to humans), as well as presence of the entire, architecturally intact brain microenvironment. 

Thus, in vivo GBM models represent a sort of “gold standard” in evaluating potentially 

translatable therapeutics with respect to safety and efficacy. The various models used for in 
vivo GBM studies are further discussed below. Readers further interested in these models are 

encouraged to refer to an excellent review article by Haddad et al [50].

a) Orthotopic Xenografts.—Xenograft models involve direct implantation of human 

GBM cells into the brains of immunodeficient mice, such as nude and NOD/SCID mice. 

Key xenograft models have included both the U87 and U251 lines, both of which have 

been used in thousands of studies since the 1960s, when they were originally derived from 

GBM patients. Other human GBM models have also seen wide use, including the T98G, 

LN18, and LN229 lines [50, 76]. The key advantage of these models is their existence as 

models of human GBM, as they mimic the characteristics of human GBM histologically 

and genetically and allow for modeling of GBM invasion and angiogenesis. One key 

disadvantage, however, is that these models are grown on an immunodeficient background, 

which does not allow for characterization of the GBM immune landscape or evaluation 

of immunotherapies for GBM. There may also be major limitations in modeling human 

GBM-microenvironment interactions due to the placement of a human GBM in a mouse 

microenvironment.

Though the aforementioned models have proven to be workhorses in modeling human GBM 

in vivo, there have been some recent concerns with respect to just how closely they mimic 
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the characteristics of human GBM, their susceptibility to genetic drift phenomenon when 

cultured in serum (which skews genotype and phenotype away from that of human GBM), 

and concerns of cross-contamination of the lines over time across multiple labs [131]. 

Thus, over time there has been decreased use of these serum-derived lines within the neuro-

oncology scientific community in favor of an increased emphasis on the use of patient-

derived xenograft (PDX) models of GBM. These involve the harvesting of GBM tumor 

tissue from patients, processing into single cell suspension, and subsequent passaging of 

the lines in immunodeficient mice. These PDX models have indeed been reported to better 

mimic characteristics of human GBM compared to the aforementioned traditional models, 

including more accurate assessment of GBM invasion, subtype-specific characteristics 

(i.e. mesenchymal vs. proneural vs. neural vs. classical), and presence of hallmark GBM 

histopathology, such as pseudopalisading necrosis and endovascular proliferation [134]. 

However, like traditional human GBM models, PDX models also suffer from the lack of an 

immune background. Additionally, there has been reported to be a high degree of variability 

between different PDX models of GBM, as each PDX line is derived from a different 

patient.

b) Syngeneic Grafts: Unlike xenografts, syngeneic grafts involve implantation 

of murine GBM cells into the brains of immunocompetent mice. Thus, a key 

advantage of these models is the presence of the immune system and evaluation 

of various immunotherapies against GBM. Moreover, these models also allow for 

detailed characterization of the immune landscape in the GBM brain microenvironment. 

Furthermore, there should be fully intact communication between mouse GBM cells and 

mouse microenvironment cells and proteins. However, a key disadvantage is that the 

immune microenvironment seen in syngeneic models may not closely mirror that seen in 

human GBMs. Additionally, the genetic background in syngeneic models often does not 

mirror that in human GBM, and some syngeneic GBM models have been reported to 

have much higher mutational loads compared to that seen in human GBM [77]. Numerous 

syngeneic models for GBM have been established, including the GL261, CT-2A, SB28, 

M-005, and KR158 models, as well as the very recently established mGB/tNSC models, 

which are further discussed below:

I. GL261: the GL261 model has proved to be a workhorse among the syngeneic 

GBM models, having been extensively characterized and studied over the years. 

This model was derived in the 1970s via methylcholanthrene chemical induction 

in the brains of C57/Bl6 mice and passaged over time in vivo, then ultimately 

stably immortalized in vitro. It should be noted that GL261 has higher baseline 

immunogenicity and mutational burden compared to human GBMs, so much 

so that implanted GL261 tumors can often be rejected in vivo [69, 98, 129]. 

Thus, while GL261 has proved useful in evaluating potential immunotherapies 

at the preclinical level, some of these studies have not shown efficacy when 

evaluated in GBM clinical trials, such as immune checkpoint blockade, despite 

showing efficacy in preclinical studies [41, 43]. However, it should be noted that 

a subset of GL261 cells have been shown to express stem cell markers such 

as nestin and CD133 and have displayed the ability to grow as neurospheres 

in suspension when cultured with serum-free stem cell medium. This subset 
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of GL261 neurospheres have also been shown to potentially display lower 

immunogenicity than traditional GL261 grown in serum, allowing for a better 

model of human GBM immunogenicity using the GL261 model [155].

II. CT-2A: Like GL261, the CT-2A line was chemically derived, rendering it 

genetically and immunologically distinct from human GBMs [122]. Importantly, 

however, the CT-2A model has been described to recapitulate several 

histological characteristics of human GBM, including pseudopalisading necrosis 

and microvascular proliferation [87]. Additionally, CT-2A can be grown as 

glioma stem cells under serum-free conditions, allowing an avenue to model 

immunocompetent GSCs [12]. It should be noted that CT-2A cells are highly 

tumorigenic, with mice often surviving for a shorter period of time compared to 

other models. In fact, there have been some accounts of CT-2A cells growing out 

of mouse brains due to their high degree of invasiveness.

III. SB28: While the GL261 and CT-2A models are older and more well-established 

models of GBM, the SB28 model is a newer model that more closely mimics the 

immunogenicity (limited CD8+ T cell infiltration and low MHC-I expression), 

mutational burden, and microenvironment of human GBMs and is not chemically 

derived [43]. Importantly, the SB28 model better recapitulates the GBM response 

to immunotherapy, as immune checkpoint blockade did not show efficacy 

against SB28, which more closely mimics the reality of human GBM [43]. 

This model was uniquely generated using the sleeping beauty transposon to 

insert constructs targeting multiple oncogenic pathways, including p53, RAS, 

and PDGF. Interestingly, this model grows extremely aggressively, with mice 

almost universally developing tumors after injection with as few as around 2000 

cells [50].

IV. M-005: The M-005 line is a newer model that was generated using Cre-loxP 
lentiviral vectors in immunocompetent mice. The resulting GBM cells were 

stem-like (expressing CD133) and were capable of forming poorly-differentiated 

tumorospheres that could differentiate into neurons and astrocytes [88]. The 

immune and molecular landscapes of this model have more recently been 

further characterized and, like SB28, the M-005 model seems to bear a lower 

degree of immunogenicity similar to that of human GBM, making it well 

suited for accurate evaluation of potential translatable immunotherapies [20, 69, 

117]. Moreover, this model represents a non-chemically generated method of 

modelling glioma stem cells in immunocompetent mice and also closely mimics 

the genetics of mesenchymal GBM [21].

V. KR158: Another relatively recent model, KR158 was originally developed in 

2000 as a mouse model of astrocytoma mutated in the tumor suppressor genes 

Nf1 and Trp53 [116]. The resulting model displayed a range of tumor histology, 

from low-grade astrocytoma to GBM, with the KR158B subtype mimicking the 

characteristics of aggressive human GBM [143]. While the detailed molecular 

characterization data on this line is limited, it has displayed resistance to 

radiation, anti-PD1 therapy and temozolomide treatment, implying that this 
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model mimics the modes of resistance seen in human GBM, making it a good 

model for preclinical assessment of GBM therapeutics in the setting of treatment 

resistance [42, 143].

VI. mGB/tNSC: These models were very recently developed in 2019 by Costa 

et al. through neural stem cell [NSC] – specific deletions in Pten and p53 
[30, 143]. The resulting models recapitulated features of high-grade gliomas 

including histopathological characteristics (microvascular proliferation, necrosis, 

etc), podoplanin (PDPN) expression, and platelet aggregation. Importantly, in 

glioma patients, elevated expression of PDPN has been associated with a worse 

prognosis and correlates with platelet aggregation intratumorally, as well as an 

increased risk of venous thromboembolism (VTE). Thus, this model serves as 

an avenue to functionally interrogate the role of PDPN and platelet aggregation 

in vivo for preclinical GBM studies aiming to develop strategies to decrease 

risk of platelet aggregation and VTE in GBM patients. Costa et al. (data 

unpublished) have further characterized this GSC model and demonstrated 

transcriptomic enrichment of classical, proneural, and mesenchymal GBM 

subtypes, implying this model mimics human GBM heterogeneity. Furthermore, 

the model has been further characterized to recapitulate the immunologically 

“cold” GBM microenvironment, with high myeloid infiltration, but low 

lymphocyte infiltration into the tumor mass. Thus, the mGB and tNSC models 

represent latest advances and efforts in the generation of syngeneic models that 

more faithfully recapitulate the histopathological, molecular, and immunological 

characteristics of human GBM.

c) Genetically Engineered Mouse Models (GEMMs): A key issue in multiple 

syngeneic models has been mutational and genetic profiles that do not closely mimic 

human GBM. For instance, GL261 and CT-2A, while having widespread use, have been 

shown to have mutational burdens higher than that of human GBM, owing to their origin 

as chemically-derived lines. Additionally, some concerns with grafted GBM cells include 

possible disruption of brain vasculature such as the BBB, as well as baseline inflammatory 

responses induced with the act of intracranial injections. Genetically engineered mouse 

models of GBM have the key advantage of spontaneously developing GBM, with no 

tumor cell injection required. The models themselves have been traditionally generated via 

genetic manipulations (global and cell-specific knockouts, Cre recombinase, viral vectors, 

and CRISPR-Cas9, among others) that target certain genes to drive gliomagenesis. As 

comprehensively reviewed by Hambardzumyan et al [51], key GEMMs have included 

models with mutations in key genes implicated in gliomagenesis, including PDGFR, 

EGFR, and NF1 that spontaneously developed glioblastoma. More recently, the M-005 line 

(discussed above) was also generated from a GEMM model and has seen increased use. As 

reviewed by Huse and Holland [59], other key GEMMs employed in glioma and brain tumor 

research have included 1) astrocytic glioma derived from p53 and Nf1 global mutants, 2) an 

Nf1/p53 double mutant in GFAP-expressing astrocytes and glial populations (cell-specific 

knockout), 3) a GEMM with inactivation of the retinoblastoma (Rb) pathway that was 

generated via expression of SV40 T antigen under the control of the GFAP promoter, 

leading to Rb pathway inactivation in mature astrocytes and development of astrocytomas in 
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mice, 4) a set of GEMMs generated from expression of constitutively active RAS (V12Ras) 

under the GFAP promoter, 5) GEMMs derived from an avian retrovirus (RCAS) alongside 

its receptor, tv-a, under the nestin or GFAP promoters, with key oncogenic drivers being 

Akt and KRas, and PDGF-B. Tumor suppressor loss has also been employed with the 

RCAS/tv-a system, with key genes including Ink4a/Arf and Pten, 6) a glioma GEMM that 

is virally mediated and driven by a constitutively active fusion receptor tyrosine kinase 

(RTK), termed “FIG-ROS”. Interestingly, this GEMM usually only develops gliomas when 

there is another associated mutation present in the model, such as loss of Ink4a/Arf. 

While the aforementioned GEMMs have proved useful in modeling GBM/glioma, it should 

be noted that most of them require extensive cross-breeding of mice and can be time 

consuming to generate. Additionally, the methods used to generate these GEMMs can have 

unpredictable patterns with respect to genomic editing and off-target effects in other tissue 

types, which can cause confounding in the resulting models. To circumvent this, Kim et 

al [71] developed the Mosaic analysis with dual recombinase-mediated cassette exchange 

(MADR) system to robustly generate mosaic mouse models containing a fixed copy number 

and predetermined insertion sites, with limited breeding time and mouse colony maintenance 

required. Importantly, MADR can efficiently generate mosaic models containing a mixture 

of gain- and loss-of function mutations, as well as fusion proteins, thus allowing for an 

avenue to model diverse brain tumor types. Interestingly, the authors also utilized MADR 

as a personalized platform to model distinct patient GBM tumors, with models generated 

by MADR being similar in phenotype and heterogeneity to actual human GBMs, thus 

bolstering the promise of this approach as a potential preclinical drug screening pipeline 

for patient-specific GBMs (i.e. personalized medicine). Very recently, there has also been 

an effort to utilize GEMMs to assess the tumor microenvironment of brain tumors. In 

this light, Yao et al. [153] utilized the Mosaic Analysis with Double Markers (MADM) 

genetic system to delineate molecular signaling and evolution at the single-cell level within 

the tumor microenvironment in a spontaneous SHH-activated medulloblastoma brain tumor 

model. Briefly, this model involves formation of medulloblastoma via generation of Ptch1-

heterozygous, p53-null, GFP-positive granule neuron progenitors through the Math1-Cre 

system.

The key advantages of GEMMs are that they arise spontaneously, similar to the inception of 

human GBM, and do not require intracranial injection of tumor cells, which could introduce 

baseline immunogenicity due to the injection. Moreover, these models can be developed 

with alterations in a single gene or pathway to investigate the effect of these genetic 

alterations on tumorigenesis or response to specific targeted treatments. Like syngeneic 

grafts, GEMMs also harbor an intact immune system, allowing for characterization of 

the immune landscape. Some disadvantages with GEMMs include variability in tumor 

formation; unlike grafted tumor cells, GEMM tumors can potentially have some variability 

in the location and magnitude of tumor development in the brain. These models can 

also require complicated breeding strategies and can be slow to form. Finally, there has 

been some concern with how closely GEMMs mimic the intratumoral heterogeneity seen 

in human GBMs, as the mechanism of tumorigenesis in GEMMs may skew the GBM 

microenvironment towards the molecular pathways affected by the genetic manipulations 

intrinsic to the model [50].
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d) In utero Electroporation: In order to study specific genetic mutations and genes in 

murine GBM and brain tumor models, there has been very recent progress in generation 

and utilization of mouse models derived from in utero electroporation. As described by 

Chen and LoTurco [22], this method involves simultaneous delivery of multiple plasmid 

DNAs into neural progenitor populations in the brains of developing murine embryos, often 

around embryonic day 13 or 15. Briefly, a common methodology involves pressure-injecting 

labeled (e.g. with GFP) plasmid DNA into the lateral ventricles of developing embryos upon 

exposure of the uterine horns in the mother, using pulled glass capillaries. Electric pulses 

are then subsequently applied with a pulse generator, after which the uterus is then placed 

back into the abdominal cavity. After birth, pups can be traced with tracking methods such 

as bioluminescent imaging to monitor transfection efficiency of the introduced plasmids or 

to track brain tumor development [8, 22]. In the brain tumor and GBM field, there has been 

additional progress in this approach by the Deneen research group [8, 19, 45, 157]. In a 

recent study, the group utilized in utero electroporation to overexpress the ZRfus oncogene 

in the brains of developing mouse embryos, which subsequently developed ependymomas 

and found that this mouse model was similar to human ependymomas harboring the ZRfus 

mutation at the transcriptomic level [8]. The group has extended this methodology in 

other recent papers, one of which combined in utero electroporation with CRISPR/Cas9 

genome editing to generate an immunocompetent glioma mouse model bearing vascular 

and molecular signatures similar to that seen in human malignant gliomas [19]. A third 

paper by the group also utilized this methodology to understand GBM-neuron interactions, 

implying that this method can also be used to understand the GBM brain microenvironment 

[157]. To summarize, murine brain tumors derived from in utero electroporation appear 

to have the advantage of spontaneous development and molecular/phenotypic features that 

can closely mirror those seen in human GBM, including tumor heterogeneity. Moreover, 

brain tumors derived from in utero electroporation do not involve the same complicated and 

time-consuming breeding strategies needed for generation of certain brain tumor GEMMs.

Conclusions and Perspectives:

Over time, there has been a shift from focusing on tumor-intrinsic mechanisms of GBM to 

understanding tumor-extrinsic, or microenvironment, mechanisms of GBM progression and 

treatment resistance, including GBM interactions with neuronal cells of the brain as well as 

immune cell populations in the brain. In this vein, there have been remarkable developments 

in establishing more intricate models of the brain microenvironment, including whole GBM 

organoid models, organotypic slice models of GBM, interstitial flow in vitro 3D co-culture 

models, and immunocompetent mouse models mimicking the tumor mutational burden and 

immunogenicity of human GBM, such as SB28, M-005, and mGB/tNSC (depicted in Figure 

1). With the GBM field rapidly shifting towards understanding interactions between gliomas 

and the brain microenvironment, it remains critical to utilize and understand the various 

experimental models of these interactions. As newer advancements are shifting towards 

more personalized medicine, it will remain both challenging and exciting to model an 

individual patient’s GBM brain microenvironment. Maintaining an understanding of the 

existing experimental tools we currently have and striving to develop more advanced models 
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using the latest technological developments will no doubt drive more advanced innovations 

in the fight against this deadly brain cancer.
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Fig. 1. 
Graphical summary of in vitro GBM models (2D and 3D co-cultures, spheroids, organoids), 

ex vivo GBM brain slices, and in vivo GBM mouse models. These experimental 

models can recapitulate GBM interactions with cells of the brain microenvironment 

(neurons, oligodendrocytes, astrocytes, microglia, macrophages, and other immune cells) 

to varying extents as outlined in the text. This figure was created with BioRender (https://

www.biorender.com)
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Table 1:

Overview of commercially available brain microenvironment cell types to model GBM-brain interactions in 
vitro

Neurons Species Hyperlink to Vendor(s) Comments

Primary Neuron Lines [101] Human, 
Mouse, Rat

https://sciencellonline.com/neurons Primary cells; not recommended for long-term 
culture or expansion as per the vendor’s 
instructions (should be used directly for 
experiments)

Oligodendrocytes/
Oligodendrocyte Precursors 
(OPCs)

Species Hyperlink to Vendor(s) Comments

Primary OPC Lines [47] Human, Rat https://sciencellonline.com/products-
services/primary-cells/human/cell-
types/oligodendrocytes/
https://sciencellonline.com/products-
services/primary-cells/animal/cell-
types/oligodendrocytes/rat/

Primary cells; not recommended for long-term 
culture or expansion as per the vendor’s 
instructions (should be used directly for 
experiments)

Astrocytes Species Hyperlink to Vendor(s) Comments

Primary Human Astrocyte 
Lines [85]

Human https://sciencellonline.com/products-
services/primary-cells/human/cell-
types/astrocytes/

Primary Rat and Mouse lines are also available 
from this vendor; lines are stable for 5-15 
passages post-thaw as per vendor’s instructions

C8-D1A (Astrocyte type I 
clone) [123]

Mouse https://www.atcc.org/products/crl-2541 Immortalized; suitable for long-term culture

CTX TNA2 (Astrocyte type I) 
[96]

Rat https://www.atcc.org/products/crl-2006 Immortalized; suitable for long-term culture

D1 TNC1 (Astrocyte type II) 
[63]

Rat https://www.atcc.org/products/crl-2005 Immortalized; suitable for long-term culture

SVG p12 (Astroglia) [40] Human https://www.atcc.org/products/crl-8621 Immortalized; suitable for long-term culture

Microglia Species Hyperlink to Vendor(s) Comments

Primary Human Microglia 
[161]

Human https://sciencellonline.com/human-
microglia/

Primary Rat and Mouse lines are also available 
from this vendor; these lines are not suitable 
for long-term culture or expansion as per the 
vendor’s instructions (should be used directly 
for experiments)

Immortalized Human 
Microglia–SV40 (IMhu) [25]

Human https://www.abmgood.com/
immortalized-human-microglia-
sv40.html

Immortalized; suitable for long-term culture

HMC3 [70] Human https://www.atcc.org/products/crl-3304 Immortalized; suitable for long-term culture

SIM-A9 [95] Mouse https://www.atcc.org/products/crl-3265 Immortalized; suitable for long-term culture

IMG [89] Mouse https://www.kerafast.com/item/1198/
microglial-cell-line-img

Immortalized; suitable for long-term culture

Macrophages Species Hyperlink to Vendor(s) Comments

Primary Macrophages [34] Mouse, Rat https://sciencellonline.com/products-
services/primary-cells/animal/cell-
types/macrophages/

Primary cells; not suitable for long-term culture 
or expansion as per the vendor’s instructions 
(should be used directly for experiments)

J774A.1 [57] Mouse https://www.atcc.org/products/tib-67 Immortalized; suitable for long-term culture

RAW264.7 [57] Mouse https://www.atcc.org/products/tib-71 Immortalized; suitable for long-term culture

THP-1 [120] Human https://www.atcc.org/products/tib-202 Immortalized monocytes; suitable for long-term 
culture; can be induced to differentiate into 
macrophages

Human M2 Macrophages – 
Monocyte Derived [9]

Human https://promocell.com/product/human-
m2-macrophages-m-csf-monocyte-
derived/

Can be maintained in culture for several weeks 
but should be used as soon as possible for 
experiments
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