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Abstract: Glioblastoma is an extremely aggressive form of cancer most commonly
derived from neural stem cells, astrocytes, and oligodendrocytes that occurs in the
brain and has a 5-year survival rate of 6.7%. These gliomas have an incidence of
3.19 cases per 100,000 person and are assigned grade IV according to the World
Health Organization classification of brain tumors. Current approved therapies
include surgical resection followed by a combination of radiation and chemo-
therapy with temozolomide, and more recently tumor-treating (TT) fields.
However, there are many limitations with the current treatment strategies due to
several resistance mechanisms varying from low concentrations of chemothera-
peutics crossing the blood brain barrier to increased risk of temozolomide resis-
tance in a sub-set of patients. In recent years, novel therapies and delivery systems
have been developed to overcome these limitations. In this chapter, we discuss
pre-clinical assessments and the evaluation of potential, promising therapeutics in
xenograft models for glioblastoma using advanced magnetic resonance imaging
techniques.
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INTRODUCTION

Glioblastoma is the most common form of malignant primary brain tumor and
accounts for approximately 45.2% of all malignant primary central nervous system
(CNS) tumors (1). These tumors are derived from three cells of origin such as
neural stem cells, astrocytes, and oligodendrocytes, and have an annual incidence
of 6 per 100,000 diagnosed cases in the United States (2, 3). The incidence of
glioblastoma increases with age, with patients aged 75-84 having an incidence of
15.03 per 100,000 (4). The average survival for patients is approximately 12—15
months, and relative survival is extremely low, with less than 5% of all patients
surviving 5 years post-diagnosis, with this value decreasing to 2% among patients
aged 65 years or older (5). Glioblastomas are highly infiltrative and invasive,
however, metastasis outside of the CNS is rare. The current treatment method
includes surgical resection to remove the bulk of the tumor followed by a
combination of chemotherapy with temozolomide (TMZ) or bevacizumab and
radiation. Glioblastomas are characterized by their heterogeneity, which poses an
important challenge for the development of new drug therapies (5).

To date, no correlation has been found between the development of
glioblastoma and smoking or exposure to other carcinogenic agents (4). While the
risk factors for glioblastoma development are not well defined, males are
predisposed (1.6:1) (1). The most common class of glioblastomas are primary,
representing ~90% of all cases, and most occur in older adults (mean age of 65)
without any evidence of precursor lesions (6). Primary glioblastomas are
characterized by overexpression of the epidermal growth factor receptor (EGFR),
loss of heterozygosity on chromosome 10q, phosphatase and tensin homolog
(PTEN) mutations, and lack of isocitrate dehydrogenase 1 (IDH1) mutations (7).
EGFR signaling is crucial for the survival, proliferation, migration, and differentia-
tion of all types of cells in the CNS (8). In glioblastomas, EGFR deregulation can
be achieved through various mechanisms such as overexpression of the receptor/
ligand and receptor mutation (8). Loss of chromosome 10 is the most frequent
genetic alteration (80-90%) that occurs in glioblastoma. Loss is either entire, or of
either the long or the short arm. The PTEN gene is located at 10q23.3 and is
crucial for regulating metastasis and invasion (1). This tumor suppressor gene is
mutated in 20-40% of glioblastomas and is most commonly seen in advanced
stages of primary glioblastomas (1, 9).

On the other hand, secondary glioblastomas (~10% of remaining cases) occur
in younger patients with a mean age of 45 years, and most commonly develop
from lower-grade gliomas (usually astrocytoma or oligodendrogliomas) (1). This
type of glioblastoma is characterized by their mutations in TP53, loss of chromo-
some 1p/19q, as well as IDH1/2 mutations (7). Secondary glioblastomas have
also been reported to have longer overall survival when compared to primary (1).
TP53 mutations occur in approximately 60-70% of all secondary glioblastomas,
and is a regulator of cell cycle and apoptosis (10). Isocitrate dehydrogenase
(IDH) is an enzyme in the Krebs cycle (11). The two forms of IDH (IDH1 and
IDH2) are NADP-dependent and are most commonly mutated in secondary glio-
blastomas (10). Various studies have shown how TCA cycle gene mutations con-
tribute to both cancer development and progression (10). IDH1/2 mutations
cause an overexpression in both the vascular endothelial growth factor (VEGF)
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and hypoxia-inducible factor la (HIF- 1) which promotes tumor progression
and invasion (10).

THERAPY-LIMITING FACTORS FOR GLIOBLASTOMAS

There has been little progress made on stand-alone therapeutics in glioblastomas.
Numerous clinical trials aimed at treating both primary and recurrent glioblasto-
mas have failed due to various reasons, including ineffectiveness at improving
survival and toxicity issues. Heterogeneity continues to be a barrier for therapeu-
tics as each subpopulation of glioblastoma cells have varying degrees of aggres-
siveness, growth, and therapy resistance (12). In addition to the heterogeneity of
the glioblastoma cells, the tumor can be divided into three different regions
(Figure 1). The tumor core is described as an area of high proliferation, inflamma-
tion, and increased incidence of necrosis (13). Along the boundaries of the tumor
core exists the tumor interphase. This area is classified as the transition area
between the necrotic core and the outside periphery (13). The interphase has a
mild hypoxic environment while maintaining a high proliferation rate (13).
Clinicians most commonly try to resect out as much of the tumor core and the
interphase as possible, to try to combat glioblastoma (13). However, complete
resection of the periphery is difficult as the glioblastoma cells are too diffuse to
completely ablate (13). The periphery cells however, have a low proliferation
index and have a higher MGMT" cell population that causes these peripheral
tumor cells to be more sensitive to TMZ treatment (13).

In addition to the three different regions of the tumor, there are various other
challenges to developing effective treatments for glioblastomas. For example,

Periphery: Most vascular area of
the tumor, some healthy brain
tissue with diffuse GBM cells

Interphase: Transition area
between the necrotic core and
the periphery

Tumor Core: Area of increased
proliferation, inflammation, and
necrosis

Figure 1. Description of the tumor. The tumor core is the innermost section of the tumor that
is characterized by having a high incidence of necrosis along with increased proliferation
and inflammation. The transition area between the tumor core and the periphery is the area
known as the interphase. The periphery region includes the healthy brain tissue that has
some diffuse glioblastoma cells. (Modified figure from (13); cartoon made with BioRender)
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most gliomas occur in the frontal and temporal lobes (25.8% and 19.7%,
respectively) while occurrences in the brainstem and the spinal cord are relatively
rare (14). The most common symptoms of glioblastomas are loss of vision,
numbness, and headaches, usually accompanied by nausea or vomiting (15).
These symptoms may be overlooked or mistaken for another disease, which is
why glioblastomas are commonly detected in later stages when they begin their
widespread infiltration of the brain (15, 16). Once the tumors have developed,
60% of patients experience short seizures, between 2-3 minutes of duration, and
suffer from fatigue, confusion, and numbness once the seizure has concluded (16).
Neurological deficits such as vision abnormalities, speech problems, and/or loss
of motor control, may also be present depending on the location of the tumor (16).
Conversely, general symptoms such as personality and mood change may present
as primary symptoms, causing patients to take longer to seek medical
attention (16).

Another key hurdle in drug development is the blood brain barrier (BBB). This
is a highly regulated semipermeable barrier that controls the movement of ions,
molecules, and cells between the blood and the CNS (Figure 2). The BBB is crucial
in regulating CNS hemostasis in order to protect the CNS from external toxins
and pathogens and dysfunction of the BBB leads to ion dysregulation and entry of
immune cells that may cause neuronal degradation (17). Endothelial cells form

Astrocytic end foot

Tight Junction

Basal Lumen
Lumen

Pericyte

Endothelial cell

Figure 2. Graphic representation of the BBB. The endothelial cells line the lumen to form the
BBB. The pericytes (shown in orange) and astrocytic feet (shown in purple) are key in
keeping the tight structure of the BBB. The cartoon is modified from a BioRender BBB
template.
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the BBB and are connected via tight junctions (17). Pericytes are important for
regulating vascular function and vessel remodeling (18). In addition, pericytes
and astrocytic feet help maintain the structure and rigidity of the BBB;
pericyte-deficient mutant mice were shown to have increased BBB permeability as
opposed to wild-type (18, 19). Astrocytic feet wrap around and cover the majority
of the outermost surface area of the BBB, and in addition to aiding in the structure
of the BBB, they are also crucial in regulating the signaling pathways that help
retain the junction complexes such as the tight junctions (18). There are various
factors, such as lipophilicity, molecular weight and charge that influence a mole-
cule’s capacity to permeate the BBB (17, 18).

Brain tumors, such as glioblastomas, can disrupt the integrity of the BBB which
increases vessel permeability allowing immune cells, plasma, and fluid to leak into
the tumor regions. In glioblastoma, BBB disruption is most commonly determined
via contrast-enhanced magnetic resonance imaging (MRI) by administering
gadolinium-based contrast agents. This hydrophilic contrast agent accumulates
within the extracellular space, and this area is then enhanced on T1-weighted
(TIW) images (20). Additionally, regions of non-enhancing edema that show
dysfunction or permeability of the BBB can be detected by T2-weighted (T2W) or
T2 fluid attenuated inversion recovery (FLAIR) MRI (20). However, while T1/2
weighted images may show the general qualitative analysis of the BBB, they fail to
show the true extent to which the BBB is disrupted in each patient, as it can vary
both from patient to patient and from region to region in the same tumor (20).

PRECLINICAL MODELS

Although there is a clinical treatment plan in place, the prognosis for glioblastoma
is still dismal. Preclinical mouse models are necessary to study the biology of this
tumor and further identify and evaluate new potential therapies (21). Mice are
most commonly used for glioblastoma research due to their accessibility and
lower cost. Additionally, it is relatively easy to genetically manipulate mice, and
they have short breeding times (22). Currently, glioblastoma preclinical mouse
models are classified into three main categories: xenografts, genetically engineered
(GEMMs), and syngeneic mouse models (Figure 3).

In xenograft mouse models, human tumor cells are transplanted either subcu-
taneously, or orthotopically into the brain with stereotactic surgery. Although sub-
cutaneous injections have been widely used, these tumors lack the brain
microenvironment, and therefore cannot be used to fully study the behavior of the
disease (22). On the other hand, cells that are transplanted into the organ of origin
allow for proper brain infiltrative behavior. Another advantage of orthotopic
xenografts is that tumor sizes and sites are more consistent (22). The human
tumor cells are transplanted into immunocompromised mice to ensure that the
mouse does not reject the human cells (23). Some common and readily accepted
immunocompromised mice are athymic nude mice, severely compromised immu-
nodeficient mice (SCID), or non-obese diabetic (NOD)/SCID mice. Athymic nude
mice are genetically modified to either have a deteriorated or absent thymus. This
causes the animal to be unable to produce mature T cells, and have a reduced
number of circulating lymphocytes (24). SCID mice are commonly used to
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Figure 3. Summary of GBM Pre-clinical Models. A breakdown of the different classifications of
the common GBM pre-clinical models found in this chapter.

research various cancers along with other human diseases because SCID mice
lack B and T cells in the thymus, spleen, and lymph nodes (25). In addition to
the SCID background, NOD/SCID mice have deficient natural killer cell
function (26).

The xenografts can be further subclassified into either glioblastoma cell-line or
patient-derived xenografts. The results of drug therapy studies from both glioblas-
toma cell-line or patient-derived xenografts can be obtained in weeks. Glioblastoma
cell-lines are commercially available, and usually have high engraftment and
growth rates (21). Additionally, glioblastoma cell-lines have higher predictability
and more reliable growth/progression of the tumors. Some of the most commonly
used glioblastoma cell-lines for in vitro and in vivo research include T98G, U251,
and U87. The T98G cell line was generated from a 61-year old male and is char-
acterized as having a high expression of actin alpha 2 (ACTA2) which is key for
cell motility (27). However, T98G cells are not tumorigenic in mice (27).

Both the U251 and U87 established cell lines are commercially available
(American Type Culture Collection-ATTC). The U251 cell line was generated
from a 75-year old male with astrocytoma, and the U87 cell line was obtained
from a 44-year old female (28, 29). Both of these cell lines were generated in the
1960s (28, 29). Hematoxylin and eosin analysis of U251 tumor tissue has shown
characteristic tumor cell infiltrative pattern and areas of necrosis similar to that
seen in human glioblastoma (30). Additionally, U251 tumors have high cell pro-
liferation levels with over 50% Ki-67 positivity staining (31). Although the U87
cell line is one of the most widely used models with over 2,000 entries in PubMed
over the last 5 years, the US7MG cells have other characteristics that are not com-
monly associated with glioblastomas such as having non-diffuse infiltrative pat-
terns (30). In fact, when the U87MG cell line (obtained from ATCC) is compared
to the original tumor, the DNA profile is drastically different (32). This suggests
that the US7MG cell line commonly used today is a completely different version
as the original tumor taken in the 1960s (32).

This begs the question, why continue using glioblastoma cell-lines if they do
not mimic the true biological nature of glioblastomas? Although the U87 cell line
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is not characteristic of glioblastomas, there are other glioblastoma cell lines that
still remain true to the disease. For example, a less commonly used cell line, with
only 33 entries in PubMed.gov (National Institutes of Health National Library of
Medicine) in the past 5 years, is the human G55 cell line. These cells were origi-
nally taken from a 65-year-old male with an anaplastic astrocytoma and have
displayed both tumorgenicity in nude mice and classic glioblastoma behavior
with respect to aggressive proliferation, angiogenesis, and migration (33, 34).

Patient derived orthotopic xenograft (PDOX) models are created from direct
implantation of either biopsied tumor fragments or freshly isolated cells without
the need for intermediate cell culture (22). These models retain the genetic, histo-
logical, and molecular profile similar to the primary tumors, even after multiple
cell passages (21, 22). However, a disadvantage is that PDOX models are costly
and require fresh tumor fragments/cells, therefore limiting the number of facilities
that can use these models. In addition to PDOX, other patient derived xenografts
can be created by injecting glioblastoma tumor spheres, also known as neuro-
spheres. Neurospheres are produced by cultivating neural stem-like cells from
primary brain tumors that can then be transplanted into immunodeficient mice to
form gliomas (35, 36). These tumor spheres also have the ability to retain tumor
heterogeneity and specific aspects of tumor growth, such as tumor angiogenesis
and cell invasion, similar to the patient’s original tumor (37, 38). However, a dis-
advantage of this model is that not all tumors are able to be successfully cultured
as tumor spheres.

GEMMs, on the other hand, have their genetic profile altered to express one or
several mutated, deleted, or overexpressed genes that contribute to the malig-
nancy that better recapitulate the molecular evolution of GBMs (23). Commonly,
the GEMMs that have been established use a combination of tumor suppressor
inactivation (p53 and/or Rb) and the activation of receptor tyrosine kinases (RTK)
and Rb signaling, most commonly though PTEN or Nfl deletion (39). For exam-
ple, an established glioma model uses a conventional knockout of Nfl and p53 to
develop tumors is approximately 92% of the animals by 6 months (40). It is key
to note that some of the mutations in key genes are lethal and therefore some
GEMMs must be generated using Tet-regulation of Cre-inducible gene alleles in
order to express/inactivate certain genes at specific time points (22). The tumors
that result from GEM models are usually composed of homogeneous genetic
change and therefore, do not reflect the heterogeneity of human glioblastoma (21).
However, these models are extremely useful in determining and identifying vari-
ous molecular events thought to be key in tumor growth and progression by
manipulating particular pathways that drive brain tumor initiation. GEMMs are
also an ideal system to study the effects of particular drugs on their molecular
targets in an immunocompetent host. A host with an intact immune system allows
for proper analysis of the interaction of the tumor microenvironment and poten-
tial therapeutics. Furthermore, GEMMs can be easily used in humanized mice
studies. A major disadvantage however, is that GEM models commonly require
months to a year to develop prior to starting drug therapy studies (23). Additionally,
because the tumors are not of human origin, they cannot reliably mimic glioblas-
toma behavior and cannot reliably predict therapeutic response (23). A compre-
hensive description of mouse models of experimental glioblastoma is provided in
chapter 2.
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Lastly, syngeneic mouse models are also commonly used in glioblastoma
research, due to the fact the cells can be implanted in immunocompetent animals.
This model allows for proper examination of immune interactions and is com-
monly used to study potential immunotherapeutics (21). Within syngeneic mouse
models, there are two different sub-categories: carcinogen/chemically induced
and spontaneous. Carcinogen induced models include GL261 and CT-2A. GL261
was the first and is the most commonly used immunocompetent mouse model.
These cells can be implanted and form tumors either in the subcutaneous region
or intracranially (41). However, there is some concern that the GL261model has
also drifted genetically and does not authentically model glioblastoma character-
izations or attributes. Examination of GL261 characteristics showed a mutation in
KRAS, an oncogene mutated in 25% of all tumors, and may affect how different
therapeutics respond (41). Additionally, for the CT-2A models, 20-methylcholan-
threne pellets were intracranially implanted into C57/BL6 mice and the subse-
quent astrocytoma formed was used to establish the cell line (42). Similar to
classical GBM characteristics, CT-2A tumors are deficient in PTEN protein, are
necrotic and chemo-resistant, and undergo unregulated angiogenesis (38). While
spontaneous models, such as P560, best reflect the natural spontaneous nature of
human GBM disease, large cohorts of animal are necessary, and the cost may out-
weigh the positives (38).

With advancements in science, we can now monitor the transplanted tumor
cells and tumor growth in vivo. One way to achieve this is by expressing a lucifer-
ase cassette in the tumor cells so that movement of the cells and growth of the
tumor can be monitored by bioluminescence. However, a disadvantage to this
method is that it commonly requires a larger number of cells to be injected, which
may have an impact on the tissue architecture (22). Another method is MRI,
which allows monitoring of tumor growth and progression, along with various
other aspects of tumorigenesis such as perfusion imaging.

Pre-clinical mouse models have been widely used for many years. Ideal models
should mimic classical histopathology, behavior, and genetic mutations as human
glioblastomas as well as be reproducible. However, to date, no one model is able
to completely mimic all characteristics of glioblastoma. This is because ongoing
research uncovers and updates genetic and cellular mechanisms in human glio-
blastomas. Additionally, continuous passaging of cell lines/PDX models introduces
new mutations and genetic drift over time. Therefore, further research needs to be
done to establish mouse models that can fully represent human glioblastoma.

PROMISING THERAPEUTICS

To date, the current treatment plan is not effective in combating human glioblas-
tomas. Although animals have been successfully treated with bevacizumab, as
well as check-point inhibitors, the results did not translate to significant increase
of survival in patients. Therefore, new therapeutic approaches are crucial. While
there are various therapies being examined for glioblastomas, this chapter touches
on only three promising therapies from the literature.

EGFR/HERI in humans is a transmembrane receptor tyrosine kinase that is
overexpressed in various cancers, including glioblastoma (43). Overexpression of
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EGFR results in increased unregulated growth and survival of glioblastoma
cells (44). While the EGFR has been an attractive drug target against glioblasto-
mas for years, there has not been an effective therapy reported. Both first-
and second-generation EGFR inhibitors (gefitinib and afatinib, respectively)
successfully decreased cell proliferation, growth and angiogenesis in tumor
models, however, did not have a significant effect in clinical trials (43). More spe-
cifically, gefitinib did not show an effect on survival in phase II trials of relapsed
glioblastoma, and afatinib did not have an effect on survival in primary nor recur-
rent glioblastomas (45, 46). The failure of the first- and second- generation of
inhibitors exposed the two main issues with the drug. First, in order for the drug
to have an effect, sufficiently high concentrations of the drug are required (43).
Secondly, the EGFR inhibitors are unable to successfully cross the BBB (43). As
stated above, the BBB of patients is not fully disrupted, and the extent of disrup-
tion differs from patient to patient and from region to region within the same
tumor (43). Therefore, in order for an EGFR inhibitor to be successful, the new
drug must penetrate the BBB. Osimertinib (AZD9291) is currently used to treat
lung cancer and is an oral, third generation irreversible EGFR inhibitor (43, 47).
Studies have shown that AZD9291 can penetrate the BBB, inhibit tumor growth,
and may be effective as a brain tumor therapeutic (47). When comparing AZD9291
to gefitinib, the concentration of AZD9291 in the brain can reach up to 10-fold
higher than gefitinib (43). Tumor heterogeneity is also an important factor to con-
sider when targeting tumors.

Unregulated angiogenesis is critical for the maintenance of the tumor, as the
newly formed blood vessels deliver nutrients deep inside the tumor core. To date,
the main angiogenic pathways have been Notch/DLL4 and the vascular endothe-
lial growth factor (VEGF). The notch signaling pathways have been highly con-
served throughout various species and are crucial for multiple aspects of
tumorigenesis (cell proliferation, migration, and tumor angiogenesis) (48, 49).
Similarly, VEGF promotes tumorigenesis and angiogenesis (34). The epidermal
growth factor, latrophilin and seven transmembrane domain-containing protein 1
(ELTD1, alternatively known as ADGRL4) is an angiogenic biomarker. In normal
vasculature, the expression of ELTDL1 is increased by VEGE and decreased by the
Notch/DLL4 signaling pathway (50). ELTD1 is overexpressed in human high-
grade gliomas, when compared to low grade gliomas, and when inhibited through
varying antibodies (polyclonal, monovalent monoclonal, and single chain variable
fragment (scFv)) effectively decrease tumor volumes, completely normalize the
tumor associated vasculature and increase survival (34, 51, 52). RNA-sequencing
analysis also revealed that anti-ELTD1 therapy may have an effect on other aspects
of tumorigenesis such as migration, cell proliferation, and invasion (34). While
the BBB has been an issue for some potential therapies, molecular targeted MRI
showed that an optimized scFv antibody treatment against ELTD1 was successful
in reaching extremely diffuse tumor regions that were otherwise undetectable via
conventional MRI (51). In a G55 xenograft mouse model, anti-ELTD]1 treatment
was also found to reduce and target two angiogenic pathways, VEGFR2 and Notch
(34, 51, 52). Additionally, unlike Bevacizumab, an anti-angiogenic therapy, anti-
ELTD1 treatment had no signs of hemorrhaging in a pre-clinical mouse model (34).
Further analysis is needed to determine if anti-ELTD1 therapy would be effective
in clinical trials. Ongoing research in our group is assessing the ability of anti-
ELTD1 antibody therapy against other aspects of tumorigenesis (e.g. cell
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proliferation, cell invasion and apoptosis), as suggested from RNA-seq data in our
previous pre-clinical study (34).

OKN-007 (OKN) is a small molecule that can cross the BBB and specifically
affects the transforming growth factor 1 (TGF 1) (53). OKN has been widely
studied in various glioma models (C6, U87, F98, GL261, and G55) and is
currently in two glioblastoma clinical trials. The first is a phase II clinical trial of
OKN-007 combined with TMZ in patients that have recurrent glioblastoma, while
the second is an early phase I trial that looks at the side effects of OKN-007 with
TMZ in patients that are undergoing concomitant radiotherapy after surgery (54).
OKN-007 significantly affects every aspect of tumorigenesis by decreasing cellular
proliferation, migration, angiogenesis, and increasing apoptosis (55-57).
Treatment with OKN resulted in increased survival, decreased tumor volumes (as
measured by MRI), and inhibition of tumor necrosis (as measured by MRI —
morphological and diffusion-weighted imaging, MR spectroscopy, and histology)
(57-59). Regarding angiogenesis, OKN decreased both VEGFR2 and HIF-1la
protein expression (56, 59). Additionally, OKN and TMZ combination treatment
significantly increased percent survival, decreased tumor volumes, and normal-
ized the vasculature in TMZ resistant glioblastoma cell lines (55). RNA-sequencing
studies have also shown that OKN-007 also has an effect on 57 genes associated
with the extracellular matrix through TGFB1 including collagens and MMPs (55).
Altogether, this suggests that OKN-007 may be effective in targeting multiple
aspects of tumorigenesis. To date, no dose-limiting toxicities, nor adverse side
effects, were observed with OKN-007 in an initial phase Ib/Ila clinical trial (60).
Currently, OKN-007 is being investigated in an ongoing multi-institutional
phase 11 clinical trial.

CONCLUSION

There have been numerous drug therapies proposed for the treatment of glioblas-
toma. However, many of those proposed therapies have failed due to various rea-
sons, ranging from inability to penetrate the BBB to failure to translate significant
results in human trials. Here we discussed three different promising therapies that
are able to bypass the BBB and have the ability to hit multiple tumorigenic path-
ways. Glioblastomas are complex heterogeneous tumors that have the ability to
adapt and build resistance against existing treatments. This therefore prompts the
need for new therapies that have the capacity to target various pathways so that
they remain effective against all subpopulations in the tumor.
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