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Abstract

Primary brain tumors are a heterogeneous group of malignancies that originate in cells of the 

central nervous system. A variety of models tractable for preclinical studies have been developed 

to recapitulate human brain tumors, allowing us to understand the underlying pathobiology and 

explore potential treatments. However, many promising therapeutic strategies identified using 

preclinical models have shown limited efficacy or failed at the clinical trial stage. The inability to 

develop therapeutic strategies that significantly improve survival rates in patients highlight the 

compelling need to revisit the design of currently available animal models and explore the use of 

new models that allow us to bridge the gap between promising preclinical findings and clinical 

translation. In this review, we will discuss current strategies used to model glioblastoma, the most 

malignant brain tumor in adults and highlight the shortcomings of specific models that must be 

circumvented for the development of innovative therapeutic strategies.
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1. Introduction

Primary brain tumors are a group of heterogeneous tumors of the central nervous system 

(CNS), associated with significant morbidity and mortality. The most common primary 

malignant brain tumors are diffusely infiltrating gliomas of glial cell origin such as 

astrocytomas (1) of which, grade IV astroctyoma, also known as glioblastoma (GBM) is the 

most common (2). Preclinical brain tumor models have played a fundamental role in 

understanding tumor biology and developing anti-tumor strategies. An ideal experimental 

model must meet a number of requirements; I) genetic background that resembles human 

tumors; II) tumor microenvironment that resembles human tumors; III) intratumoral 

heterogeneity; IV) reproducibility and V) cost-effectiveness (3). From a therapeutic 

development point of view, a critical goal of studies utilizing preclinical brain tumor models 

is the ability to predict response in patients and provide insight into predictive biomarkers.

Preclinical brain tumor studies include syngeneic models, genetically engineered models 

(GEMs) and xenografts (cell line-based and patient derived). Preclinical studies have been 

predominantly performed on rodents, however the use of canines, vertebrates and arthropods 

to model brain tumors has provided great insight into the pathobiology of the disease. 

Current available models however remain imperfect due to the difficulty in recapitulating the 

genetic heterogeneity and tumor immune microenvironment of human tumors, at a 

reasonable cost and technical feasibility. In this review, we highlight the key in vitro and in 
vivo models used to study malignant brain tumors in adults.

Malignant brain tumors

Glioblastoma (GBM) is the most common malignant brain tumor in adults (4). The disease 

has a dismal prognosis with a median 5-year survival rate of 5.8% (5). GBM can be 

classified as isocitrate dehydrogenase (IDH)- wildtype (WT) also known as primary GBM or 

IDH-mutant, classically termed secondary GBM (6). IDH-WT GBMs are more common and 

aggressive with a worse prognosis than the mutant type. IDH-WT GBMs are characterized 

by over-expression and amplification of the epidermal growth factor receptor (EGFR) gene, 

mutations of the Telomerase Reverse Transcriptase (TERT) promoter, deletion of the cyclin-

dependent kinase Inhibitor 2A (CDKN2A) gene, mutations of tumor protein p53 (TP53) and 
Phosphatase and tensin homolog (PTEN) gene. IDH-mutant GBMs, which develop from 

pre-existent lower grade astrocytoma, are characterized by mutations in TP53, IDH1 and α 
thalassemia/mental retardation syndrome X-linked (ATRX) (7, 8)

GBMs are troublesome to treat due to their diffuse growth and invasive properties rendering 

them difficult to remove surgically. There is a migration-proliferation dichotomy in GBM 

with an inverse correlation between migration and proliferation, which further complicates 

the treatment process (9, 10). An understanding of the molecular events underlying 

gliomagenesis is crucial for the development of targeted therapy. GBM was originally 

classified into 4 transcriptomic subgroups according to their differential gene expression 

patterns: Classical, Proneural, Neural and Mesenchymal (11). However, subsequent studies 

found that non-neoplastic cells contaminated in tumor tissues reflected the neural subtype 

(12).
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Classical GBM is characterized by amplification of EGFR resulting in dysregulation of the 

phosphoinositide 3-kinase (PI3K)/AKT pathway, which can also be disrupted if there is loss 

of PTEN (13). The proneural GBM subtype is characterized by over-expression of platelet-

derived growth factor receptor (PDGFR)(14), mutations in IDH1 (15), loss-of-function in 

CDKN2A/B (16) and TP53 (17). The mesenchymal GBM subgroup is associated with 

increased expression of genes in the tumor necrosis factor (TNF) super family pathway and 

nuclear factor (NF)-κB pathway (18). This subtype presents with frequent mutations in the 

neurofibromatosis tumor suppressor NF1, PTEN and TP53 genes (19)

2. Syngeneic implantation models

Syngeneic implantation models have been widely used to investigate GBM. Tumorigenesis 

is induced using carcinogens or via genetic modification. Syngeneic models allow the study 

of GBM biology and therapeutics in the presence of a functional immune system and are 

therefore pertinent for immunotherapy studies. Syngeneic models are also highly 

reproducible and cost-effective (20).

Carcinogen induced glioma cell lines:

Gliomas in rodents can be induced with injection of N-nitroso compounds and were first 

generated by the administration of carcinogen ethyl nitrosourea (ENU) in the 1970s (Figure 

2A). ENU is an alkylating agent administered through the placenta at the 15-18th day of 

pregnancy resulting in brain tumors with various mutations in the litters. The B-Raf proto-

oncogene (Braf), which encodes a serine/threonine protein kinase that activates the mitogen 

activated protein kinase effector arm of receptor tyrosine kinase signaling, is a key mutation 

in ENU-induced glioma formation in rats. Other induced mutations include Tp53, Pdgfrα, 
deletion of Cdkn2a, and amplification of Egfr (21). Commonly used cell lines for use in 

mice include GL261 and CT-2A. These cell lines were first generated using injection of the 

carcinogen 3-methylcholantrene (3) resulting in tumors that harbor key morphological 

characteristics of GBM. Commonly used lines for use in rats include 9L/Lac-Z, F98, RG2, 

and C6. Tumors grown from the C6 cell line are diffusively invasive and those derived from 

9L/LacZ are aggressive, infiltrative and angiogenic (22), typical of that seen in human GBM.

An advantage of syngeneic immunocompetent animals is that all arms of the immune system 

are present and therefore able to interact with the developing tumor. Lack of rejection of the 

cell lines by the hosts immune system is of particular benefit in immunotherapy studies (23). 

In a recent study, we generated distinct intact and resected syngeneic mouse GBM-tumor 

models and utilized RNA-sequencing and time of flight cytometry (CyTOF) to identify 

immunologically-inert and -active GBM types. Given the efficacy of immunotherapy in 

highly malignant brain-tumors, glioblastomas (GBM) is currently limited, the findings of 

our study will significantly help in making informed choices of GBM models for 

immunotherapeutic interventions and therefore offer a potential to facilitate immune-

therapies in GBM patients (24)

However, limitations of these models include genetic drift due to the extensive number of 

passages the lines undergo prior to use, thereby limiting our understanding of their genetic 

profile and phenotype (25). Engrafted syngeneic rodent models also lack the stepwise 
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genetic changes seen in tumor progression. Furthermore, the tumors grow as circumscribed 

tumors without infiltrating the parenchyma and therefore do not fully recapitulate the 

original tumor phenotype (26).

3. Genetically engineered mouse models (GEM)

GEMs are an important method for delineating underlying genetic alterations responsible for 

tumor progression. The emergence of these models has led to a better understanding of the 

effect of particular genes and their mutated counterparts on tumorigenesis. GEMs involve 

the delivery of cancer initiating genes using viral vectors to initiate tumor formation. GEMs 

are advantageous in allowing perturbations of key signaling pathways such as EGFR and 

PDGFR (27–29) (Table 1). Gene expression can also be controlled using various strategies 

such as tet-regulation to control the expression or inactivation of genes (30). There are a 

number of limitations of using GEMs for inducing glioma formation. First, GEMs can be 

time-consuming to develop and may not lead to sufficient tumor formation (20). Secondly 

GEMs lead to formation of tumors with homogenous genetic changes whereas human GBM 

cells are heterogeneous. Furthermore, the genetic background of rodent strains can affect the 

tumor biology, gene function and tumor susceptibility (31). Mice heterozygous for particular 

mutations develop tumors of higher grade in certain strains such as C57Bl/6J mice compared 

to 129S4/SvJae mice. Biological differences between mice and human cells may 

significantly affect tumor development. For example, longer telomeres in mice compared to 

humans may be responsible for the variation in tumor formation spectrums (32).

GEMs using RCAS-tVA:

The replication competent avian-like sarcoma (RCAS) virus and its avian tumor virus A 

(tVA) cell surface receptor is a popular GEM that has been developed to induce glioma 

formation. Using this system, desired oncogenes can be somatically transferred into target 

cells that have been engineered to express the tVA receptor under the control of a cell-type 

specific promoter such as Nestin. The resultant tumors develop into distinct tumor subtypes 

according to the oncogene of interest (33). The effects of the specific oncogenes in different 

intracranial locations such as the subventricular zone (svz), cortex and cerebellum (14, 34) 

can then be assessed. This is important due to the key differences in mice and human 

anatomy. In adult mouse brain, the svz contains neural stem cells tightly associated with 

ependymal cells, which generate neuroblasts that migrate to the olfactory bulb (35). These 

stem cells are morphologically different in the svz of the lateral ventricle compared to the 

svz of the third ventricle (36). The human svz, in contrast, possesses astrocytes with stem 

cell properties and limited evidence of neuroblast migration (33). The svz in children is also 

different to that of adults. Human third ventricle svz in children contains cells positive for 

nestin, glial fibrillary acidic protein (GFAP), brain fatty acid binding protein, and SRY-Box 

Transcription Factor 2 (SOX2). In young mice, third ventricle svz contains Sox2-positive 

cells but lacks GFAP and nestin positive cells (37).

The RVAS-tVA model can also be used to generate gliomas in rats. Transgenic tVA rats co-

infected with Pdgf-a and Tp53 Short hairpin RNA (shRNA) RCAS viruses lead to the 

formation of tumors with evidence of pseudopalisading necrosis, microvascular proliferation 
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and invasion into healthy tissue (38). In one unique study, gene expression of tVA rat 

gliomas was compared to human tumors, mice and canine tumors. Tumors in rats had 

reduced expression of glioma-related genes Insulin-like growth factor binding protein 2 

(Igfbp2) and bone morphogenetic protein 7 (Bmp7) compared to the other tumors. These 

tumors had a small percentage of unique differentially expressed genes (DEGs) and the 

largest overlap with common DEGs, suggesting that rat gliomas closely resemble human 

gliomas (39)

The RCAS-tVA model of glioma has several advantages compared to transgenic and 

knockout models. Firstly, it is a cost effective method of assessing multiple genes and their 

effect on tumor growth using a single tVA mouse strain. Secondly, RCAS viruses do not 

replicate in mammalian cells allowing the preservation of signaling between tumor cells and 

neighboring healthy cells, which is often lost in other model systems that affect whole 

tissues and are less specific. This system also allows both spatial and temporal regulation of 

gene expression (40, 41). However, shortcomings of the RCAS-tVA system include the 

limited vector insert capacity of RCAS, which excludes the study of important oncogenes 

such as complementary DNA (cDNA) for EGFR. This system is also limited in the number 

of cells that become infected and therefore weaker oncogenes may not result in tumor 

formation in vivo (41)

GEM using Cre-LoxP:

Another powerful gene editing technology is the Cre-LoxP system that can be used to induce 

site-specific recombination using the Cre recombinase enzyme between two loxP 

recognition sites. It has been used to create transgenic strains of mice capable of expressing 

WT and/or vIII human EGFR by inserting minigenes consisting of a floxed transcriptional/

translational stop cassette inserted between a ubiquitous promoter and the EGFR cDNAs 

(WT or vIII). Spatiotemporal control over EGFR expression can take place by injecting Cre 

recombinase to remove the floxed stop cassette. The EgfrvIII/EgfrWT expressing mice 

develop GBMs with high penetrance in 6 to 8 weeks. Somatic expression of mutant EgfrvIII 

in the CNS leads to the formation of aggressive tumors with migration of GBM cells along 

distinct structures such as the white matter tracts, blood vessel basement membrane and 

subdural sheets (42). However, this system is limited due to it being time-consuming and 

expensive (43).

GEM using Sleeping Beauty transposon:

Sleeping Beauty (SB) is a system that can be used to identify genetic drivers of cancers in 

rodent models. It is a transposon/transposase system that can be used to overexpress or 

inactivate genes of interest. Mice that carry different transposon and transposase transgene 

combinations can lead to the development of infiltrating gliomas and this system can be used 

to help identify genes that play an important role in gliomagenesis (44, 45).

The use of GEMs in immunotherapy: Immunological studies are predominantly performed 

in syngeneic models; however, GEMs are an alternative strategy that can be considered. 

GEM-derived tumor cells retain their immunogenicity as evidenced by their failure to grow 

when transplanted in WT mice but ability to grow in immunodeficient mice. GEM-derived 
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tumors are limited partly due to our limited knowledge of the expressed tumor antigens that 

may be recognized by T cells. Introduction of tumor antigens to allow tracking of tumor-

specific T responses may be able to overcome this limitation. In low immunogenic tumors, 

this method has demonstrated increased tumor immunogenicity with a potent anti-tumor T-

cell response (46, 47) followed by a regulatory T-cell-mediated immunosuppression (48). 

The use of GEMs for GBM research however has been hampered due to the concerns 

regarding reproducibility, latency of tumor formation and lack of a consensus regarding 

tumor immunogenicity.

4. Traditional xenograft mouse models

Xenograft models involve transplanting human cancer cells into an immunocompromised 

rodent. Biopsies from GBM patients can be processed in tissue culture flasks and passaged 

to yield monolayer cell lines in serum-containing medium. Intracerebral implantation of 

these cell lines in immunodeficient animals leads to the formation of tumors with typical 

characteristics of GBM (49). Several established GBM cell lines have been widely used and 

cited in the literature, including U87, U251 and T98G, which have all provided useful 

information on the nature of GBM tumors. The two most widely studied are the U87 and 

U251 cell lines, which were generated from GBM patients and subsequently cultured in 
vitro and xenografted into immunodeficient nonobese diabetic/severe combined 

Immunodeficiency (NOD/SCID) mice, or NOD/SCID IL-2Rγ-null (NSG) mice (50, 51). 

These cell lines retain genetic mutations and can be used to study various signaling 

pathways. They represent a rapid and reproducible method of investigating GBM, manifest 

reliable disease progression and can be expanded to provide a large yield of tumor cells (3). 

Cell line derived xenografts display angiogenesis and evidence of tissue invasion to a limited 

extent, however they do not possess single cell infiltration in the brain and do not fully 

recapitulate the heterogeneity and phenotypes of human GBM. Additionally, established cell 

lines passaged in monolayers often possess abnormal expression of collagens and integrins 

and an up-regulation of immunological markers such as major histocompatibility complex 

(MHC) and cytokines (52). Profiles from array-comparative genomic hybridization (aCGH) 

of GBM cell lines are significantly different from those typically found in primary GBM 

(53). Genomic alterations in adherent serum-growing cultures often do not correspond well 

to the genotype of the original tumors (54). Whole-genome sequencing has revealed several 

copy number variations and translocations, possibly acquired during extensive cell passaging 

with fetal bovine serum, altering genomes, transcriptomes and genetic stability (49). The 

traditional human GBM cell lines are therefore imperfect models for GBM and if used must 

be fully authenticated.

5. Patient derived xenograft (PDX) and xenografts generated from patient-

derived cancer stem cells

Patient-derived xenografts (PDX) involve direct implantation of freshly biopsied tumor 

tissue or cultured tumor spheres into immunodeficient animals (49). Transplanting biopsied 

specimens into flank subcutaneous space has been widely used due to practicality reasons 

(e.g., technical feasibility and easy visual follow-up of tumor formation). Flank tumors 
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grown in immunodeficient mice are useful for maintaining genetic driver alterations in 

patients and testing direct drug activity on the tumors. A large collection of extensively 

characterized GBM PDXs has been established and these are available to the wide research 

community (55). However, one major disadvantage of subcutaneous models is that the tumor 

microenvironment does not reproduce the environment in which the tumor grows (29). 

Intracranial tumors can be established using a heterotopic-to-orthotopic approach. In the 

orthotopic model, biopsy tissue is grown on agar coated flasks supplemented with medium 

to form spheroids. The spheroids possess a similar architecture to the original tumor tissue 

and the molecular profile is stable over time. The spheroids can be implanted into the brains 

of immunodeficient mice using stereotactic devices (Figure 1) or by a freehand procedure. 

Direct transplantation of acutely dissociated cells from GBM patients is an alternative 

approach to generating orthotopic GBM PDX as this has been shown to engraft at a high 

take rate (75.7%), recapitulating histopathological properties and maintaining the genomic 

characteristics of parental tumors (56). PDX cells benefit from not being subjected to 

stresses that can arise in cell cultures as they are propagated in successive generations of 

mice (57) however the success rate and length of engraftment is affected by tumor origin and 

aggressiveness (58).

Glioma stem cell-based xenografts

GBM growth is driven by a sub-population of cancer stem cells (GSCs) that is capable of 

contributing to tumor initiation and therapeutic resistance (59). These cells have the ability 

to self-renew in culture and form neurospheres in the presence of appropriate growth factors. 

Patient biopsies are dissociated enzymatically and propagated in neurobasal serum free 

growth media, with the addition of supplements and growth factors (60). GSC cultures 

obtained from patients contain stem-like cells and express astroglial and neuronal markers in 

culture and in vivo (61, 62). The tumor stem cells form neurospheres(63) that are capable of 

proliferation, differentiation and self-renewal (63, 64). The tumors formed are similar in 

phenotype and genotype to human tumors (61, 65, 66). This suggests that GSC are useful for 

authentically replicating human GBM tumors in mice. However, there is a discrepancy in 

success rates of tumor formation. This could be due to lack of uniformity in culture methods 

(67). There is also controversy regarding identification of GSCs and the reliability of the 

CD133 antigen, commonly used as a GSC marker (68). It has been widely perceived that 

brain tumors do not arise from cancer stem cells that are CD133 negative (61, 69). However, 

studies have shown that human gliomas do not express CD133 consistently or abundantly 

and some cells may have no detectable CD133+ cells (70) yet have similar properties to 

CD133+ cells (71, 72). Tumors may also initially express little CD133+, but with serial 

passaging in vivo, there may be upregulation of CD133 expression associated with the onset 

of angiogenesis, suggesting that CD133 expression is not required for tumor initiation but 

may be important for tumor progression (70). Cells are often a mix of both CD133-positive 

and negative cells (56) and the cell ratios may determine the type of tumors formed. Tumors 

with low CD133− cell ratios are typically characteristic of the mesenchymal type whereas 

those with high CD133− cell ratios lead to tumors typical of the proneural subtype (56).
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IDH1/2 mutant glioma models

IDH1/2 mutant glioma is a major and distinct subset of human glioma with longer survival 

times, higher concentration of 2-hydroxyglutarate (2-HG), increased cytosine methylation 

and reduced immune infiltrates compared to the WT counterpart (73). Over 90% of these 

tumors have the IDH1R13H variant, which plays a major role in driving glioma formation. 

Knock-in of Idh1R132H in the mouse brain SVZ leads to proliferation of neural stem/

progenitor cells and the formation of nodules (74). Idh1R132H in co-operation with Pdgfra, 
and loss of Cdkn2a, Atrx, and Pten can promote glioma development, resembling proneural 

human IDH1 mutant GBM (75). Growing IDH mutant PDX is very difficult both in culture 

and in vivo and the lack of cell lines with endogenous mutations pose difficulties. A limited 

number of studies have described the isolation and expansion of glioma brain tumor stem 

cell lines such as BT142, that retains the endogenous IDH1R13H mutation in culture and can 

be propagated in NOD SCID mice (76). Generation of orthotopic IDH1-mutant glioma 

xenografts by direct implantation of biopsy specimens or briefly cultured cells requires the 

presence of tertiary genetic alterations such as amplification of Pdgfra in astrocytic gliomas 

and activating mutations in the PI3K-mTOR signaling pathway in oligodendroglial tumors 

(77, 78). Mass spectroscopy analysis of patient-derived IDH-mutant vs wild-type glioma 

xenografts identified differences in phospholipid and glucose metabolism (79).

6. Models recapitulating clinical GBM resection

Although the clinical standard of care for patients with GBM includes surgical debulking 

(80), most pre-clinical GBM models focus on treating solid intact intracranial tumors. 

Typically, standard orthotopic xenografts involve implanting tumor cells 2-3mm lateral to 

the bregma and at a depth of 2-3mm (Figure 1). Several resection models have been created 

in rodents to mimic tumor debulking in patients. The first intracranial resection model was 

created in a rats where a fluorescent dissecting microscope was used to guide microsurgical 

resection and aspiration of the tumor (81) however this did not lead to a survival benefit 

compared to controls. We integrated fluorescent and bioluminescent markers and optical 

imaging to simultaneously confirm the presence of established tumors, visualize the extent 

of tumor resection and serially monitor tumor regrowth after resection. The inclusion of real-

time fluorescence microscopy permitted visualization of residual tumor cells and associated 

blood vessels in resected tumor. Post-resection bioluminescence imaging permitted gross 

assessment of the extent of tumor removal. This model allows exploration of anti-GBM 

therapeutics using mouse models with greater clinical relevance than models focused on 

treating unperturbed tumor mass (82). The major advantage of the resection model is its 

ability to reflect the debulking of tumors which takes place clinically. However, the model is 

limited by the time needed to perform the experiments due to the additional need for 

craniectomy.

Damage of healthy, non-tumorous tissue results in an anti-inflammatory response 

characterized by T cell infiltration into the lesion (83). Based on the hypothesis that a first-

line treatment of maximal surgical tumor resection would invoke an acute immune reaction, 

possibly enough to break the immune tolerance within the tumor microenvironment, we 

developed syngeneic mouse tumor models of GBM resection and characterized the immune 
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response of intact and resected tumors. Our results indicate that tumor resection decreases 

the number of tumor-associated myeloid-derived suppressor cells (MDSC) and 

simultaneously increases the number of effector T lymphocytes recruited into the remaining 

tumor area (84). Modulating the nonspecific immune reaction after tumor debulking toward 

a tumor-specific immune response may be an alternative immunotherapy strategy in GBM 

treatment.

7. Emerging preclinical models

Danio Rerio model (Zebrafish):

The danio rerio model is a new tool available for deciphering the pathology of brain tumors. 

Comparison of fish and human cancer gene signatures reveals a great resemblance of genes 

involved in regulating cell cycle, apoptosis and DNA repair (85). Implantation of human 

glioma cells in zebrafish can result in xenografts with similar morphology to those obtained 

from mice such as intact vessels and invasiveness (3). Zebrafish have transparent bodies and 

lack an adaptive immune system until 6 weeks with a dense microenvironment similar to the 

human brain. Therefore, early tumorigenesis can be studied effectively without interference 

by the adaptive immune system (Figure 2A) (86).

Human GBM cells have been successfully implanted into the embryonic brain 3 days post 

fertilization (dpf) (87) and in adults. Juvenile and adult zebrafish are thought to have fully 

functioning CNS similar to human brains and are able to accommodate more cells than the 

larvae model. However, at older stages, the brain is more difficult to image as optical 

transparency is lost. The danio rerio model has shown advantages including its relative low 

cost, easy visualization of internal structures, and rapid embryonic development. Limitations 

of the model include differences in the microenvironment between humans and fish and in 

the optimal temperature for human (37°C) and fish cells (28°C) (86). Recent advances 

include the development of optically clear adult zebrafish, which can engraft human tumors 

at 37°C (88).

Drosophila melanogaster (Fruit fly):

The Drosophila melanogaster model has emerged as an alternative to rodent models of 

glioma (Figure 2). Approximately 75% of human genes share functional orthologs in 

Drosophila (89). The fruit fly has many salient features which make it attractive for the 

study of various diseases. The fruit fly brain is capable of numerous complex tasks including 

regulation of circadian rhythms, memory and sleep. The CNS elicits neurological responses 

to drugs that resemble mammalian systems (90). The Drosophila model has been proven to 

be a powerful system to study tumor initiation and identify numerous signaling pathways 

affected in cancers and has recently been used as a model for investigating brain tumors. 

Glioma can be induced using the GAL4/upstream activating sequence (Gal4-UAS) system, 

by overexpressing homologs of human tyrosine kinase receptors under the control of the 

glia-specific promoter reverse polarity (repo). Glial overexpression of Egfr, Pi3k, activated 

Pdgfr/vascular endothelial growth factor receptor (Vegf) homolog, activated fibroblast 

growth factor receptor 1 homolog or insulin receptor leads to proliferation, migration and 

invasion of glial cells (91). Constitutive coactivation of Egfr-Ras proteins and PI3K 

Akter et al. Page 9

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2021 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pathways initiate inappropriate cellular growth with the fly orthologs CyclinE, Cdc25, and 

Myc being rate-limiting genes required for glial neoplasia (92). The formation of these 

tumors requires the activation of known downstream pathways such as Akt signaling (92) 

which may activate and overexpress right open reading frame kinases (RIOK) leading to 

transformation of GBM cells (93). The drosophila model can also be used to gain insight 

into mechanisms underlying disrupted asymmetric cellular division in cancer stem cells, 

such as centrosome dysfunction leading to tumors by perturbing stem cell division (94). 

Drosophila larval neuroblasts generate differentiating cells by segregating the growth 

inhibitor Brat and the transcription factor Prospero into one daughter cell. Inhibiting Brat or 

Prospero leads to neoplastic proliferation of neuroblasts (95), which is associated with the 

upregulation of Notch signaling. In human GBM, tripartite motif-containing protein 3 

(TRIM3), the human ortholog of Drosophila Brat, suppresses NOTCH1 signaling and 

markedly attenuates the glioma stem cell component (96).

The Drosophila model has several advantages for studying brain tumors. These include a 

short life span, easy handling, rapid generation of offspring in large numbers, and 

availability of many tissue specific promoters. The resultant tumors also invade into nearby 

structures and can be easily quantified (92). The model is a versatile genetic model system 

and therefore allows several genetic aberrations to be tested. However, notable differences 

between the Drosophila model and humans such as anatomical variation and differences in 

the immune system limit its applicability and use (97).

Organoid models of GBM:

Three-dimensional (3D) culture of organoids has been emerging as an ex vivo experimental 

system for glioma research. Organoid models of GBM allow investigations of the biology of 

GBM in the context of the tumor environment, as cell-cell and cell-extracellular matrix 

interactions present in 3D organoids are considered to model tumors in vivo. Organoid 

models of GBM can be classified into two types. The first model type involves 3D culture of 

GBM cells directly derived from biopsies to generate organoids (98, 99). GBM organoids 

grown in defined serum and matrigel-free conditions recapitulate inter and intra-tumoral 

heterogeneity of primary tumors and can be used for xenografting, and in vitro testing of 

drugs and tumor response to Chimeric antigen receptor (CAR)-T cells (99). The second 

model is based on the induction of GBM oncogenesis in embryonic stem cell (ESC) or 

induced pluripotent stem cell (iPSCs)-derived cerebral organoids (100, 101). Oncogene 

transduction and clustered regularly interspaced short palindromic repeats (CRISPR) editing 

of tumor suppressor genes in human cerebral organoids results in the formation of invasive 

GBM (100, 101). Cerebral organoids can be also used to transplant patient-derived GBM 

stem cells to initiate the growth of invasive GBM within the 3D brain environment (101, 

102).

Organotypic brain slice cultures:

Organotypic brain slice cultures are useful in investigating cellular and molecular processes 

of the brain in vitro as they maintain the normal architecture (103). Using this model, glioma 

cells have been shown to infiltrate the brain directed by interactions with the host 

vasculature (104). Slice cultures can be incubated with fluorescent antibodies to allow real 
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time imaging of tumor cell invasion (103) and measure movement in the microenvironment 

(105).

Humanized mice tumor models:

Humanized mice models are a robust platform in which a functional human immune system 

is engrafted into immunodeficient mice (106) These mice display a chimeric immune 

system, with only a proportion of the total immune cells in the peripheral blood being of 

human origin. Engraftment, development and functionality of the human immune system in 

the host depend partially on the immunodeficient mouse strain used for the development of 

the model, as well as on the method and protocol chosen to generate the humanized mice. 

There are three main ways of developing mice with a functional human system (107, 108). 

Human peripheral blood mononuclear cell-engrafted NSG™ mice (hu-PBMC)-exhibit high 

functional T-cells reconstitution but will inevitably develop Graft versus host disease 

(GvHD) between 4-6 weeks post-engraftment (109). In human CD34+ hematopoietic stem 

cell-engrafted NSG™ mice (hCD34+ HSC), the immune reconstitution includes all human 

hematopoietic lineages, as in the hu-PBMC model, however some immune cell types are not 

fully functional due to the lack of human cytokines and growth factors in the murine 

environment (107, 108). Moreover, T-cells are murine MHC restricted, and cannot recognize 

antigens presented on human leukocyte antigen (HLA) efficiently (110). Finally, Bone 

Marrow Liver Thymic (BLT) mice are developed by co-transplantation of fetal thymus and 

fetal liver under the kidney capsule, coupled with engraftment of CD34+ cells derived from 

the same fetal liver (111) This model has the most functional immune system out of the 

three however, these mice eventually develop GvHD (onset >20 weeks post-engraftment) 

(112). In recent years, an increasing number of transgenic mice have been designed to 

express human cytokines, with the goal of supporting a better immune reconstitution, 

delaying the onset of GvHD and T-cell recognition of human (107, 113).

Humanized mice have been employed in cancer research, using cell lines or PDX to 

establish tumor formation with infiltration of the human immune cells in the tumor 

microenvironment (107, 114, 115). To generate humanized mice bearing solid PDX, the 

graft is generally implanted subcutaneously into a previously humanized mouse (116, 117). 

Alternatively, tumor cell lines can be injected directly in the desired region or systemically 

for a model of metastases (116, 118). Humanized mice have been employed to study the 

effects of different immunotherapeutic approaches for human GBM. Patient-derived PBMCs 

have been used to successfully develop humanized mice which mimic the patient T-cell 

immune response (119, 120). In both cases, MHC-gene double knockout mice (deficient in 

both murine MHC class I and II) is used to delay the onset of GvHD in subcutaneous flank 

human GBM models. Orthotopic brain tumor models have also been established in BLT 

mice by intracranial engraftment of different GBM cells or patient-derived GBM xenografts 

(121). In this case, humanized mice are first established followed by injection of GBM cells 

once there is reconstitution of the human immune system (122).

Canine brain tumor models:

Intracranial tumors that spontaneously arise in dogs are drawing attention as a large animal 

disease model in neuro-oncology (123) The canine gene families associated with cancer are 
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closer to humans, than the relationship between a mouse and a human and gliomas in dogs 

share similar morphological (124) and immunological characteristics with human gliomas 

(124).

A recent comprehensive characterization of the molecular landscape of canine gliomas 

revealed somatic alterations that converge with human glioma drivers such as the receptor 

tyrosine kinases, Tp53 and cell-cycle pathways, and IDH1R132 (125). The size of the dog 

brain also allows opportunities to test a variety of drug delivery approaches, such as 

convection-enhanced delivery, which are difficult in rodents (126)

8. Conclusions and perspectives

GBM remains the focus of interest for many researchers due to its poor outcomes and lack 

of curative therapy. The vast array of GBM models include autochthonous models such as 

syngeneic implantation of cell lines, xenograft models (subcutaneous, orthotopic) and 

resection models, and now cover small to large model organisms (Table 2). GBM cell-line 

xenografts generally have the advantages of high engraftment and growth rates. However, 

they do not possess the stepwise genetic alterations that occur during human gliomagenesis 

(29). Patient-derived xenografts may retain the genetic and histological features of the 

primary tumor but cannot adequately reflect the host’s antitumor immunity seen in human 

GBM. GEMs allow us to pinpoint genetic alterations involved in tumor initiation and 

progression, however tumors are usually composed of cells with homogeneous genetic 

changes, and therefore GEMs cannot completely reflect the intra-tumoral genomic and 

phenotypic heterogeneity of GBM (29).

Advantages of rodent models include their availability and familiarity of use amongst 

researchers, the presence of a blood brain barrier (BBB) and ability to test therapeutic 

agents. However, rodents have their congenital shortcomings. Only 85% of human genes 

have the homologous orthologues in mouse, and 20% of orthologues have significantly 

different functions (127). Furthermore, human cancer cells transplanted in rodent xenograft 

models locate in a different microenvironment from human GBM and the use of 

immunocompromised mice also reduces normal immune responses involved in tumor 

formation in patients (128). Other problems of rodent models include cost of breeding and 

maintenance, time associated with acquiring skills and ethical considerations (129). 

Zebrafish (Danio rerio) is a promising xenograft tumor model system for studies of tumor 

invasion. However, as it is a newer model, its translational value toward clinical trials is 

currently unclear. Parallel studies with mice models may be used to validate data and if 

successful eventually reduce the need to use mouse models (130).

Despite extensive search for therapies for GBM, none has been developed that culminates 

into true benefits as a sole agent. The immune system has garnered the most attention and 

several therapeutic agents modulating the immune system have been developed, which have 

since been tested in clinical trials. However, despite many pre-clinical studies being 

conducted in GBM, a small proportion proceed to clinical trials or have meaningful benefits 

in patients. Nevertheless, clinical trials are still guided by preclinical studies, and to select 

and use models that are most appropriate to individual research needs will continue to be 
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important (131). Limitations of available technologies and intrinsic differences between 

species make it a challenge to create a model representing human GBM morphologically, 

phenotypically and genetically, and balance clinical representation and costs and feasibility. 

Further research into the effect of age, sex and species or strain on the outcome of GBM is 

necessary. Given an expanding array of available models, coordinated efforts by clinicians 

and researchers in the field may be warranted to generate guidelines of appropriate use of 

pre-clinical brain tumor models.
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Figure 1: In vivo models of glioblastoma in rodents.
A) Traditional methods include ENU administration in pregnant rodents leading to tumor 

formation, which can be harvested and processed into cell lines in vitro. B) Genetically 

engineered systems include reversible systems using Tet regulation (i) or Cre recombinase 

(ii). C) Patient derived xenografts can be injected subcutaneously or directly into cerebral 

cortex. D) Resection models designed to recapitulate the tumor environment following 

primary resection of tumors. (i,ii) Cartoons showing GBM tumors before and after tumor 

resection in the brain mice. (iii-vii). Mice with established GBM-Fluc-mCherry GBMs were 

imaged by bioluminescence imaging (iii,iv) and intravital microscopy (v,vi) before and after 

tumor resection. Kaplan-Meier survival curves of mice with and without resected U87-Fluc-

mCherry tumors (vii) (adapted from Kauer et al 2012) (82).

Akter et al. Page 20

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2021 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Alternative models of glioblastoma.
A) The zebrafish model using both embryos and adult species allow modeling of the disease 

to be performed quickly and can allow tumors to be imaged in real time. B) The drosophila 

model allows the study of glioblastoma using various genetic manipulations. C) Humanized 

mouse models allow modeling of tumors with partially humanized immune systems using 

three methods. (i) hu-PBMC cells are introduced after patient tumor cell engraftment. (ii) 

hCD34+ stem cells are engrafted before the patient tumor cells are added. (iii) Humanized 

mouse models can be created through the transplantation of fetal liver and thymus under the 

kidney capsule. CD34+ cells are engrafted afterwards.
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Table 1:

Genetically engineered mouse models of human gliomas

Tumor type Transgene Knock out/Knock in Incidences Grade

High-grade astrocytoma Src transgene 10–20% at later III

HRAS V12 and AKT 40% by 16–20 weeks III–IV

GFAP-Cre NF1 + Trp53 cis 30–75% by 15–55 weeks II–IV

GFAP-T121 transgene PTEN+/− 100% by 4–32 weeks II-III

GFAP-HRAS V12 Floxed NF1 + Trp53 knockout 100% by 2–16 weeks III–IV

GFAP-Cre Floxed NF1 + Trp53 knockout 30–75% by 15–55 weeks II–IV

Glioblastoma

Kras and AKT (RCAS virus) Cdkn2a knockout 42–49% by 12 weeks IV

EGFRvIII(Ad-Cre virus) Cdkn2a, PTEN F/F 100% by 5–13 weeks IV

NES-CreER Floxed NF1, Floxed PTEN, Floxed Trp53 100% by 24–56 weeks III–IV

PDGFB (RCAS virus) Cdkn2a knockout, Trp53 knockout 100% by 4–7 weeks IV

EGFRvIII(Ad-Cre virus) PTEN F/F 93% by 6–15 weeks II–IV

HRAS V12 and AKT Trp53 knockout 100% by 10–13 weeks IV
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Table 2:

Summary of the characteristics of a variety of brain tumor models

Recapitulation 
of patient 
tumor 
genetics Heterogeneity

Tumor 
microenvironment 
(TME)

Immunotherapy 
research

Technical 
difficulty Costs Note

Syngeneic 
implantation 
model Poor No Yes Yes Low Low

Robust in vivo 
model

Genetically 
engineered 
mouse 
model 
(GEMM)

Yes, specific 
gene 
alterations No Yes Yes Moderate

Relatively 
high for 
generation

In vivo 
functional 
genomics

Traditional 
xenografts Limited No

Yes, but limited 
due to human-
mouse interaction No Low Moderate

Robust in vivo 
model

PDX or stem 
cell based 
xenografts Yes Yes

Yes, but limited 
due to human-
mouse interaction No Moderate Moderate

Non-
immunotherapy 
targeted 
approaches

Mouse 
resection 
models Varies Varies

Resection induces 
changes in TME

Yes, if syngeneic 
model used

Moderate-
high Moderate

Mimicking 
clinical surgery

Danio Rerio 
model 
(Zebrafish)

Yes, if patient-
derived cells 
used

Yes, if patient-
derived cells 
used

TME in zebrafish 
models not well 
understood. No Low Low

Robust 
screening 
possible

Drosophila 
melanogaster 
(Fruit fly)

Yes, specific 
gene 
alterations can 
be made No

Yes, but relevance 
to human biology 
unclear Possible Low Low

Robust 
screening 
possible

Organoid 
models of 
GBM Yes Yes Yes

No (except short-
term T cell 
testing) Moderate

Relatively 
low

Relatively 
short-term 
studies

Organotypic 
brain slice 
cultures Yes Yes Yes Unknown Low low

Relatively 
short-term 
studies

Humanized 
mice tumor 
model

Yes, if PDX or 
glioma stem 
cells used

Yes, if patient-
derived cells 
used

Yes, but partially 
human cell-mouse 
brain interaction Yes

Moderate 
(humanized 
mice 
commercially 
available) High Expensive

Canine brain 
tumor model Yes Yes Yes Yes Low

High, 
Veterinary 
skill and 
facility 
needed

Large animal 
model

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2021 February 03.


	Abstract
	Introduction
	Malignant brain tumors

	Syngeneic implantation models
	Carcinogen induced glioma cell lines:

	Genetically engineered mouse models (GEM)
	GEMs using RCAS-tVA:
	GEM using Cre-LoxP:
	GEM using Sleeping Beauty transposon:

	Traditional xenograft mouse models
	Patient derived xenograft (PDX) and xenografts generated from patient-derived cancer stem cells
	Glioma stem cell-based xenografts
	IDH1/2 mutant glioma models

	Models recapitulating clinical GBM resection
	Emerging preclinical models
	Danio Rerio model (Zebrafish):
	Drosophila melanogaster (Fruit fly):
	Organoid models of GBM:
	Organotypic brain slice cultures:
	Humanized mice tumor models:
	Canine brain tumor models:

	Conclusions and perspectives
	References
	Figure 1:
	Figure 2:
	Table 1:
	Table 2:

