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Abstract

Preclinical Investigations of the Immune Microenvironment in Glioblastoma

By Cameron J. Herting

Glioblastoma is the most common and malignant primary brain tumor with a dismal survival of
just over one year following diagnosis even with the most aggressive treatment regimens. Limited
advances have been made with respect to development of efficacious anti-neoplastic therapies to
treat this deadly disease over the past fifty years. Part of the limited success stems from the models
used for preclinical investigation that neglect the molecular characteristics of human glioblastoma as
well as the immune microenvironment. Herein, I present novel subtype-specific murine models of
glioblastoma that leverage the driver mutations uncovered through molecular analysis of human
patient samples. I establish that the murine models display gene expression profiles and
microenvironmental compositions that closely mirror what is observed in the human disease.
Notably, I show that tumor-associated macrophages are present in these murine tumors at similar
levels to what is observed in human tumors. I demonstrate that these models respond differently to
anti-neoplastic therapies used to combat glioblastoma and suggest that molecular profiling should be
employed clinically to inform on treatment plans. Using these models, I then investigate the role that
tumor-associated macrophages play in the development of cerebral edema in glioblastoma with a
focus on interleukin-1 signaling. My 7 vitro, ex vivo, and zn vivo results establish interleukin-1 as a
downstream target of dexamethasone; the drug currently employed to combat cerebral edema in
glioblastoma. Additionally, I provide evidence that bone marrow-derived macrophages and not
microglia are the primary producers of interleukin-1 in the tumor microenvironment. I demonstrate
that genetic ablation of interleukin-1 signaling is able to phenocopy dexamethasone treatment with
respect to inhibition of bone marrow-derived macrophage chemotaxis and inhibition of edema
development 7 vivo. Finally, I reveal that genetic or pharmacological inhibition of interleukin-1
signaling 7z vzvo does not impair response to radiation therapy that is seen following dexamethasone
treatment. In total, these results suggest that specific inhibition of interleukin-1 signaling offers an
attractive alternative to dexamethasone treatment.
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Chapter 1: Introduction




1.1 Glioblastoma Historical Perspective and Current Status

Gliomas as a disease were first described as “medullary sarcoma” by the English medical
community and “fungus medullare” by the German’s during the early 1800s'. Researchers in this era
were limited by macroscopic descriptions of the tumor tissue and were only able to determine that
these tumors resembled brain tissue in substance and structure. Glioblastoma was first described
microscopically in the late 1800’s by the German scientist Rudolf Virchow”. He pioneered the
utilization of microscopic techniques to describe the cellular nature of neoplastic tissues and
established much of the early knowledge in the field. Using these methods, he was able to establish
that gliomas likely arise from glial cells; a fact evident by the tumor’s modern name. He also defined
the infiltrative nature of the tumors evidenced by the lack of clear boundaries with non-neoplastic
tissue. Both discoveries have held true even as technological advancement has allowed for further
characterization of the disease.

The next major discoveries in the field were made by Bailey and Cushing in the mid-1920s,
the scientists who first began to subclassify brain tumors’. These studies illustrated the first attempts
at defining different types of gliomas; a characteristic that would be proven molecularly nearly 100
years later. They put forth a description regarding the “histogenetic cellular types” observed in
glioma tissue and established the idea that these tumors consist of a mixture of different cell types.

Following Bailey and Cushing, the next scientist to provide a significant advance to the field
was Hans-Joachim Scherer in the late 1930s and early 1940s prior to his untimely death as a civilian
during the late stages of World War II. Scherer was a strong proponent of combining microscopic
and macroscopic descriptions of the disease while considering the totality of the tumor instead of
drawing broad conclusions from small pieces of biopsy tissue or stained tumor slices'. Using these
methods, Scherer described numerous ultracellular structures within gliomas and further

hypothesized the angiogenic nature of tumors long before the concept was put forth by Judah



Folkman in the 1970s*. He was the first to characterize pseudopalisading necrosis as well as the
glomerular neovascular structures within glioblastomas’. The latter were deemed Scherer structures
in homage to his scholarly contributions. Scherer was also the first to distinguish between primary
and secondary glioblastomas. He hypothesized that the former arose de novo while the later
progressed from previously existing astrocytomas and that each disease would share histological
characteristics, but differ in their biological behaviors®.

The later portion of the 20" century was devoid of major advances regarding the biological
characteristics of glioblastoma. Apart from technological improvements in the histological
characterization of the disease, and small advances in therapeutic intervention, limited discoveries
were made. With the advent of molecular biology during the late 1990s, however, this changed, and
a modern era of discovery commenced. The crowning achievement of this modern era was likely the
confirmation of Bailey and Cushing’s description of different subclasses of glioblastoma with the
molecular classifications put forth in the 2000s and 2010s*". These classifications have now been
integrated into the official description of the disease by the World Health Organization (WHO) and
are beginning to inform about the clinical behavior and outcomes of the disease®.

Current research in glioblastoma is focused not only on subclassification of the disease into
subtypes that inform on biological behavior and treatment response, but also on the heterogeneous
cellular nature of the disease. It is now appreciated that many neoplastic and non-neoplastic cell
types interact within the tumor microenvironment present in glioblastoma and other cancers”". It is
hypothesized that the different genetic subtypes display differential immune cell compositions and
that the interaction of the immune cells with the tumor cells may be leveraged to produce a positive
therapeutic effect'"'">. The actions of both the innate and adaptive immune system in glioblastoma
remain relatively undefined and offer an attractive avenue for preclinical and clinical therapeutic

investigation.



1.2 Clinical and Epidemiological Characteristics of Glioblastoma

Primary brain tumor classification spans four grades (I-IV) based on histological
characteristics and clinical traits with the highest grade (IV) being referred to as glioblastoma®.
Within grades, tumors can be further subdivided based on the glial cells that give rise to the tumors
with astrocytes, oligodendrocytes, and ependymal cells producing astrocytomas, oligodendrogliomas,
mixed oligo-astrocytomas and ependymomas respectively”. Of these grades, grade I tumors are the
least malignant and display none of the characteristics that define higher grade tumors (atypical cells,
mitoses, endothelial proliferation, and necrosis). The tumors that reside in this class include pilocytic
astrocytomas, dysembryoplastic neuroepithelial tumors, and pleomorphic xanthoastrocytomas'.
Gliomas that possess one of the aforementioned features fall into grade II and are further
subdivided based on the cell types that make up the tumor as well as the mutations present (Figure
1.1)"*. Tumors with two or more features fall into grades III and IV with the latter distinguished
from the former based on the presence of pseudopalisading necrosis and microvascular
proliferation.

Glioblastomas are the most common and aggressive primary brain tumors and account for
~50% of all malignant brain tumors with ~17,000 new diagnoses annually'>'®. The annual incidence
is 7.15 cases per 100,00 people and men are affected more frequently than women (incidence of
1.6:1)""**. Glioblastoma is typically considered a disease of old age with a median age of ~64 years at
diagnosis; however, individuals of any age can be afflicted"”. The incidence in adolescents and
children is about half that of adults'’. Age remains the most significant prognostic factor in

2 Due to the association with

glioblastoma with the most elderly patients having the worst prognosis
age and the increase in the overall age of the global population, the incidence of glioblastoma is

predicted to increase over the coming decades and the development of improved therapies is of

utmost importance.
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Figure 1.1. Brain tumor grades, histological, and molecular subtypes. (A) Brain tumor grading,
and histological subtypes based on the primary cell type present in the tumor mass. (B) Molecular
subclassification of glioblastoma based on the mutations present in the tumor. Figure adapted from

Neuroglia Chapter 59'.



There are limited environmental and genetic risk factors that have been identified for the
development of glioblastoma. The only environmental risk factor known to induce a significant risk
for glioblastoma development is exposure to ionizing radiation'. Other risk factors such as exposure
to industrial chemicals and smoking have been loosely associated with an increased risk of
glioblastoma development; however, no conclusive correlations have been established”. There are a
variety of genetic risk factors that predispose individuals to glioblastoma. These include
neurofibromatosis type 1 and 2, Li-Fraumeni syndrome, tuberous sclerosis, retinoblastoma, and
Turcot syndrome among others; but, the increase in risk of glioblastoma development amongst
these groups is less than 1%'%*".

The anatomic location of tumor development depends on the age of incidence, as well as the
molecular characteristics of the disease®”. Adult glioblastomas occur throughout the brain and
display minimal preference for specific anatomical locations. Regardless of the location of tumor
development, molecular characteristics of the disease, or the age of diagnosis, the prognosis for
patients diagnosed with glioblastoma is dismal. Glioblastomas are recognized as tumors with diffuse
growth; meaning they have a tendency to spread into adjacent tissue and lack a clearly defined tumor
border*. Glioma cells tend to invade the brain along myelinated fibers in white matter tracts™. This
invasion pattern guarantees that complete surgical resection is impossible and the infiltrative tumor
cells that remain following surgery will cause tumor recurrence. It has been established that extent of
resection is associated with survival following surgery with a higher percent of resection displaying
longer median survival®”. These studies additionally established that maximal surgical resection is
around 98% and even these patients eventually suffered from tumor recurrence.

Glioblastomas display significant treatment resistance to both chemotherapeutic compounds
as well as radiation therapy. It has been proposed that resistance to chemotherapy in glioblastoma

stems from a subset of tumor cells called glioblastoma stem cells (GSCs) that are inherently resistant



to both treatment modalities””. The precise mechanisms undetlying this phenomenon will be
enumerated in chapter 1.4. Moreover, the tumor-supportive immune microenvironment has been
suggested to contribute to treatment resistance through a variety of mechanisms'". A subset of
tumors has been shown to express the protein O°-methylguanine-DNA methyltransferase (MGMT),
a protein capable of removing the toxic DNA alkylation stimulated by standard of care
temozolomide treatment™. This effect renders the treatment ineffective an neutralizes any survival
benefit.

Glioblastoma is usually identified by patient presentation with continually developing
neurological deficits over an extended period or by seizure onset in otherwise healthy individuals®.
Symptoms associated with glioblastoma include severe headache, papilledema, cognitive difficulties,
personality changes, gait imbalance, and significant sensoty alterations'. Many of these symptoms
are dependent upon the location of tumor development and what brain structures are impacted or
displaced by tumor growth. Considering the median age of diagnosis in glioblastoma, many of these
symptoms are initially attributed to other psychiatric and neurological disorders such as dementia
and stroke'. Seizures are a common occurrence in glioblastoma patients with 40-60% of patients
expetiencing them at some point during disease progression™. In fact, up to 40% of glioblastoma
patients will present with epilepsy’>”. Typically, seizures are managed with anti-epileptic drugs or by
corticosteroids that reduce intracranial pressure through edema reduction™.

Upon presentation with glioblastoma-associated symptoms, patients will immediately
undergo either magnetic resonance imaging (MRI) or computed tomography (CT) scan’’. Typically,
MRI is favored, however, CT scans are utilized in patients in which MRI would be prohibited (eg.
patients with pacemakers or metal implants). Most-frequently, T1-weighted MRI and T2-weighted
MRI with gadolinium enhancement are used to initially characterize and diagnose glioblastoma™.

Due to a disrupted blood-brain barrier (BBB), glioblastomas will display significant enhancement



with gadolinium administration. In addition to initial diagnosis, specialized MRI scans such as fluid-
attenuated inversion recovery (FLAIR) can be used to assess edema development, more accurately
represent tumor burden, and evaluate extent of resection following surgery”. Investigation of the
association of these techniques with survival has demonstrated that MRI manifestations are
associated with survival of glioblastoma patients®. In particular, patients with apparent edema as
assessed by MRI have a worse prognosis than those with no edema (median survival of 120.9 weeks
vs. 237.2 weeks)". It should be noted that non-neoplastic neurological diseases are capable of
mimicking brain tumors on neuroimaging as well as histological examination®'. These include, but
are not limited to, multiple sclerosis, stroke, brain abscess, and venous thrombosis. As technology
has advanced in the immunohistochemical and molecular classification of glioblastoma, these
techniques have been advised to confirm diagnoses made via imaging and histology*'.
1.3 Histological and Molecular Classification

To confirm the identity of tumors observed with neuroimaging, clinicians will resort to
histological analysis of biopsy material*’. Historically, brain tumors have been classified based on
histological concepts stemming from microscopic analysis of hematoxylin and eosin (H&E)-stained
sections, immunohistochemical analysis of lineage associated proteins such as oligodendrocyte
transcription factor 2 (OLIG2) and glial fibrillary acidic protein (GFAP), and analysis of ultracellular
structures™. OLIG2 and GFAP are the typical markers used to identify oligodendrogliomas and
astrocytomas respectively. Tumors that express both markers are referred to as mixed oligo-
astrocytomas. The classical analyses based on OLIG2 and GFAP defined glioblastomas as
oligodendroglial and/or astrocytic in nature based on gross histological appearance>**. The most
recent WHO guidelines emphasize that glioblastomas can be distinguished from lower grade gliomas

via histology based on the appearance of hypercellularity, nuclear atypia, mitotic figures, and
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evidence of necrosis and angiogenesis**. A combination of neuroimaging and histological analysis
of biopsy tissue is necessary to conclusively diagnose glioblastoma.

Opver the past two decades, attention has shifted from histological classification of tumors to
molecular characterization with burgeoning molecular biology techniques such as gene expression
microarrays and RNA-sequencing. Initial investigations of chromosomal and gene expression
alterations in glioblastoma revealed significantly enriched events but were limited in scope due to
small sample size***. They were successful in laying a framework for future analyses though. These
investigators established that glioblastomas that present similarly with neuroimaging and histological
techniques are caused by a variety of genetic alterations. This established the concept that with a
sufficient sample size, it may be possible to categorize glioblastomas into molecularly defined
subtypes with different druggable targets, response to therapy, and overall prognosis. This
framework was thought to offer a path towards development of personalized medicine in
glioblastoma™".

The establishment of The Cancer Genome Atlas (TCGA) in 2008 provided researchers with
an exceptional opportunity to study the functional genomics of these tumors and provided a
database with enough samples to perform the first robust subclassifications based on gene
expression’’. The initial analysis identified that key alterations in p53, retinoblastoma (Rb), and
receptor tyrosine kinase (RTK) pathways were key drivers of glioblastoma formation®'. Further
analysis and unsupervised clustering identified four major subtypes: Proneural, Neural, Classical, and
Mesenchymal named after the cell lineages that the tumor expression data most closely matched”.
The Proneural and Mesenchymal subtypes had been previously described and associated with
clinical tumor behavior™.

For three of these subtypes, clear driver mutations were identified that were enriched when

compared to the others. For Proneural, platelet-derived growth factor receptor (PDGFR)
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amplification, p53 loss, and isocitrate dehydrogenase 1 (IDH1) mutations were common. Classical
tumors showed an enrichment in activating mutations in the epidermal growth factor receptor
(EGFR) signaling pathway. Finally, Mesenchymal tumors demonstrated inactivating mutations in
neurofibromin 1 (NF1).

Over time, TCGA adopted next-generation sequencing techniques that allowed for more
robust classification of glioblastoma subtypes™. Analysis of this improved dataset initially confirmed
all the previously established subtypes®. Mote vigorous classification has resulted in the deletion of
the Neural subtype'”. The currently accepted subtypes include Proneural, Mesenchymal, and
Classical, with the Proneural subtype split into glioma CpG island methylator phenotype (G-CIMP)
positive and negative tumors (Figures 1.1 and 1.2)"%. This change was reasonable considering the
lack of a defining mutation in the Neural group. It should be noted, that these analyses consider the
predominant expression pattern of the bulk tumor. It is therefore possible for multiple subtypes to
exist in the same tumor at the cellular level and single cells display varying functional characteristics
and response to therapy co-exist within single tumors™”". These studies overall highlight the
heterogeneity of glioblastoma not only at the transcriptomic level, but also the cellular level.

1.4 The Glioblastoma Tumor Microenvironment

Glioblastomas are a complex cellular microenvironment consisting of both neoplastic and
non-neoplastic cells”. Within each of these categories lie subcategories of cells, each displaying
different transcription profiles, surface markers, and actions within the tumor. The major categories
of cells within the microenvironment include: cancer cells, endothelial cells, pericytes, and a variety
of immune cells®®. These subsets of cells are known to interact with each other extensively, and these
interactions drive many of the phenomena observed at the tumor level including angiogenesis,
tumor invasion, immune evasion, treatment resistance, and more. The link between inflammation

and cancer and primitive explanations of the idea of a tumor microenvironment were postulated by
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Figure 1.2. Molecular subtypes of glioblastoma are defined by notable alterations in gene
expression. Representative genes and their expression in human Mesenchymal (MES), Proneural

(PN), and Classical (CL) tumor samples. Figure adapted from Wang et al. 2017"%



13

Rudolf Virchow over 150 years ago™.

Of these cell types, perhaps the most widely studied are the cancer cells themselves. As
mentioned in chapter 1.2, glioblastomas are typically thought to be oligodendroglial, astrocytic, or
mixed oligodendroglial and astrocytic. This nature arises from the fact that most glioblastoma tumor
cells display glial cell or astrocyte characteristics, likely due to the tumors originating in precursors of
these cell types®. It has been proposed and validated in animal models that glioblastomas can arise
when mutations occur in neural stem cells, multipotent progenitors, bipotential progenitors, and
unipotent progenitors®*®'. These stem-like cell types typically reside in the vascular neurogenic
regions of the brain, such as the subventricular zone, and are the cells responsible for generation of
new neurons, glial cells, and astrocytes throughout life®>*. The growth characteristics of cancer cells
in glioblastoma can be described by two hypotheses: the cancer stem cell hypothesis and clonal
evolution®. Although distinct and competing, these hypotheses likely coexist in their descriptions of
tumor growth and can be applied to describe different aspects of tumor behavior.

The cancer stem cell hypothesis states that there is a population within tumors that displays

65

traits of stem cells and behaves differently from the tumor bulk®. Furthermore, it suggests that these
cancer stem cells give rise to the tumor bulk, which display a differentiated phenotype. The
functional characteristics of cancer stem cells in glioblastoma include sustained self-renewal and
persistent proliferation, low frequency within the tumor, and the ability to differentiate into different
lineages of cells (Figure 1.3). In the eatly 2000s, several groups in parallel demonstrated that a
subset of glioblastoma cells displayed stem cell properties; thereby giving rise to the application and
maturation of the stem cell hypothesis of cancer in the context of brain tumors®” . GSCs are the
only cells capable of true self-renewal and multipotent differentiation properties™. These cells have

the propensity to express markers such as prominin-1 (CD133), sex determining region Y-box 2

(8OX2), homeobox protein NANOG (NANOG), OLIG2, and neuroepithelial stem cell protein
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Figure 1.3. Characteristics of GSCs in glioblastoma. The characteristics of GSCs in glioblastoma
are listed as well as the transcription factors and surface markers that are thought to drive the stem

cell phenotype. Adapted from Lathia et al. 20157,
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(NESTIN); but no marker or combination of markers are ubiquitously expressed by these cells nor
are they exclusively markers of this subset™*". The lack of ability to specifically identify this subset
in vivo makes characterization and therapeutic targeting of these cells difficult. It should be noted that
isolation of cells expressing CID133 from tumors generates cultures of cells able to self-renew and
form neurospheres, two of the i vitro characteristics of GSCs”. The maintenance of GSCs 7 vivo is
thought to arise from a multitude of factors related to the tumor microenvironment including niche
factors, tumor metabolism, epigenetics, genetics, and immune cell interactions. Furthermore, these
factors drive the functional characteristics of GSCs 7 vivo including invasion, immune evasion,
promotion of angiogenesis, and localization to specific niches within the tumor (eg. the perivascular
niche)®. These cells as a whole are thought to be minimally proliferative and instead give rise to the
rapidly multiplying cells of the tumor bulk™.

An alternative explanation to the cancer stem cell hypothesis for the growth characteristics
of tumors has been put forth and is called clonal evolution. This model postulates that a tumor

1”7. These cells are

arises when any cell type incurs the mutations necessary to turn it into a cancer cel
genetically unstable and have the propensity to incur additional mutations throughout their life cycle,
thereby generating distinct “clones” within the tumor (Figure 1.4)". The progeny of these cells are
what form the bulk tumor and undergo clonal evolution throughout tumor development”. This
hypothesis is supported by studies of the cancer genome illustrating the abnormal genetic profiles
within tumors as well as their heterogeneity and apparent clonality on the single cell level™®. Tt is
likely that the actual nature of glioblastoma is most accurately described by combining concepts

from both the cancer stem cell and clonal evolution models. Perhaps the cancer stem cell hypothesis

better describes the ability of these tumors to recur as well as the treatment resistance of certain cells
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Figure 1.4. Clonal evolution in cancer. A depiction of the process of clonal evolution in cancer. A
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within the tumor. The clonal evolution model, on the other hand, may better describe the growth
characteristics of the bulk tumor cells.

Glioblastoma bulk tumor cells are highly proliferative and invasive®. Although they display a
marked ability to invade the adjacent tissue, glioblastoma cells almost never metastasize to sites
outside of the brain®. They typically grow near to and ensheathe blood vessels in the brain; relying
on them to supply the nutrients and oxygen necessary for rapid proliferation®. The invasive nature
of the cells is thought to arise from the demands they place on the local environment. As
glioblastoma cells grow around blood vessels, they cause them to collapse, resulting in a cessation of
nutrient and oxygen delivery and starving the cells; thereby generating necrotic regions within the
tumor®®. The result of this process is a buildup of acidic metabolic byproducts and local hypoxia
that drive the tumor cells to invade adjacent tissue in search of nutrients and oxygen™"".
Additionally, in response to hypoxia, glioblastoma cells upregulate expression of pro-angiogenic
factors such as vascular endothelial growth factor (VEGF) that leads to the proliferation of
endothelial cells and generation of new blood vessels**®.

Glioblastoma has long been regarded as among the most vascular tumors and therefore
endothelial cells play a prominent role in the tumor microenvironment™. In fact, a direct link
between glioblastoma cells and endothelial cells has been established by the demonstration that
GSCs can differentiate into endothelial cells or pericytes and integrate into vessels in a process
termed vascular mimicry””"”?. In addition to this direct link, tumor cells in glioblastoma are known
to secrete pro-mitotic factors such as VEGF and platelet-derived growth factor (PDGF) that act on
endothelial cells within and adjacent to the tumor™. These pro-angiogenic factors drive the

formation of irregular and tortuous blood vessels within the tumor and lead to the disruption of the

BBB; allowing for leakage of serum and blood cells into the tumor and driving the formation of
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glioblastoma-associated cerebral edema™. It should be noted that the BBB is not universally
disrupted in glioblastoma and there are areas of the tumor in which it remains intact”.

Additional disruption of the BBB in glioblastoma arises from the effects on pericytes within
the tumor. Pericytes line the blood vessels in the brain and are known to regulate the functions of
the BBB”. In glioblastoma, crosstalk between the tumor cells and pericytes disrupts the usual
function of these cells. The glioma cells hijack pericytes as a method to obtain new tumor
vasculature via vessel co-option”’. This interaction lifts the pericytes from the vessels, thereby
disturbing their ability to modulate vessel permeability. An additional immunosuppressive role of
pericytes in glioblastoma has been illustrated™.

The immune microenvironment in glioblastoma is perhaps the most pertinent subset related
to current studies in the field and certainly the most relevant to this work. Recently it has been
shown that the composition of the immune microenvironment is subtype-dependent and that the
largest non-neoplastic cell type in glioblastoma are tumor-associated macrophages (TAMs); a cell
population that encompasses both brain resident microglia (MG) as well as bone marrow-derived
macrophages (BMDM) that are derived from circulating monocytes'”'>”. It has been shown
experimentally that over 30% of the cells in a glioblastoma tumor are TAMs and that the two
subsets, MG and BMDM, have different expression profiles™'". The exact roles of these cell types
in glioblastoma initiation and progression remain unclear and an active area of investigation.

MG initially infiltrate the brain during embryogenesis and persist throughout life'". The cells
derive from a primitive macrophage precursor cell and are dependent on colony-stimulating factor-1
receptor (CSF-1R) signaling for survival'>. MG were initially discovered in the early 1900s and have
long been linked to neuroinflammatory conditions'”'". In the non-diseased central nervous system
(CNS) MG are the only macrophage cell type present. BMDM only infiltrate during conditions of

significant neuroinflammation and MG repopulate through local proliferation when ablated, not by



19

re-establishment from circulating cells'’. Resting MG are distributed throughout the brain and
constantly surveil their environment for pathogens or inflammatory stimuli'™'*. When activated,
MG express major histocompatibility complex class II (MHC II) molecules and may serve as
antigen-presenting cells; thereby serving as a link between the innate and adaptive immune
system'”'”®, MG are known to display a dynamic activation pattern and will produce varying

inflammatory stimuli depending on the input signal they receive'”

. The diversity in MG activation
produces a variety of downstream results with a pro-inflammatory, pathogen killing phenotype lying
at one end of the spectrum (M1) and a tissue repair phenotype (M2) at the other'"’. It must be
emphasized that the polarization states of MG are extremely diverse and dependent upon the

111

chemokine stimuli present in their immediate environment . This fact is further complicated when

moving from zx vitro to in vivo analyses and amplified when considering the regional chemokine
expression present in tumors''>'",

The presence of macrophages in glioblastoma was first described in 1925 using silver
carbonate to stain the cells in human tissue samples''. This description classified the cells as
amoeboid in shape, an observation that they attributed to the phagocytic activity of the cells.
Initially, and for nearly 100 years after, MG were thought to be the only population that existed in
glioblastoma as it had not yet been shown that peripheral monocytes were able to infiltrate into the

tumor and become macrophages'"”

. Early in the 2000s, it was shown that in relevant murine tumor
models, MG could be distinguished from BMDM by CD45-positivity''‘. This fact, along with
genetically engineered reporter mice, was utilized to demonstrate that in tumors induced by platelet-
derived growth factor-B (PDGFEB) overexpression, the majority of the TAM population are
BMDM”.

BMDM originate from stem cells of the hematopoietic compartment and travel throughout

the circulatory system as monocytes surveying for sites of inflammation'"”. They are characterized as
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two different cellular populations in the circulation by Grl expression; Grl" inflammatory

monocytes and Grl circulating monocytes'®

. The former actively search for sites of inflammation
while the later are known to enter non-inflamed tissues as their names would suggest. Upon
encountering an inflammatory stimulus, monocytes are drawn into the tissue via a variety of
chemokine-dependent mechanisms particularly relating to the monocyte-chemoattractant protein
(MCP) family of chemokines'”. These infiltrating BMDM have been shown to be distinct in
expression profile, lifespan, and activity when compared to their tissue-resident counterparts'™>'*'.
This would suggest that the two cell types additionally have different roles in glioblastoma.

On the expression level, it has been shown that tumor-associated MG and BMDM in
glioblastoma display a variety of differentially expressed genes relative to naive cells as well as
relative to each other”'*', Tt has further been demonstrated that MG and BMDM express M1 and
M2 markers within these tumors, suggesting either that both M1 and M2 cells exist in the tumor, or
that the cells co-express markers from the two categories'**'”. Recent single-cell RNA-sequencing
results suggest that single TAM cells are capable of expressing both M1 and M2 markers and that
cellular ontogeny drives the differences in gene expression seen between the cell types'”*. An
additional layer of complexity is introduced when considering the localization of MG and BMDM
within the tumor. On top of their different expression profiles, the cells tend to reside in different
niches within the tumor (Figure 1.5). MG tend to accumulate on the peritumoral edge, while
BMDM localize primarily in perivascular and petinecrotic regions within the tumor”™'*’.

In addition to the aforementioned innate immune cells, T cells of the adaptive immune
system are known to exist in glioblastoma tumors albeit in limited numbers. Current estimations
with flow cytometry place their percentage at around 0.25% of the total cells within the tumor'*. T
cells can be recognized by expression of the marker CD3 with further subdivision into CD4"

129

regulatory T cells and CD8" cytotoxic T cells'”. Within glioblastoma tumor samples, only a quarter
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Figure 1.5. The ontogeny and localization of TAMs in glioblastoma. (A) A depiction of the
ontogeny of the two subsets of TAMs in glioblastoma. (B) A depiction of the localization of MG to
the peritumoral space and BMDM to the perivascular space in the tumor microenvironment.

Adapted from Chen et al. 2018"".
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of the total T cells have been shown to fall in the CD8" subset, meaning that the majority of the few

T cells within the tumor are not capable of cell killing'**

. The limited presence of these cytotoxic T
cells is further diminished by the variety of immunosuppressive mechanisms present within the
tumors that quench any activity they may have. The regulatory T cells that are present are thought to
exert a strong immunosuppressive effect, an activity that has been demonstrated in other tumor
types'’. T cells isolated from glioblastoma tumor tissue and stimulated also display a reduced
response compared to naive T cells, suggesting an immunosuppressed or anergic state'*".

In addition to immunosuppression by regulatory T cells, the programmed cell death protein-
1 (PD-1)/programmed cell death protein-ligand 1 (PD-L1) signaling axis has been demonstrated to
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be present in glioblastoma ™. PD-1 was initially discovered as a pro-death signal in T cells and

further demonstrated to be involved in the control of immune activation>'”. Tts ligand, PD-1.1 is
highly inducible on antigen-presenting cells as well as macrophages and serves as a way for the

innate immune system to “check” the activity of the adaptive immune system, hence the name of
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the PD-1/PD-L.1 axis as an immune checkpoint'”*. PD-L1 expression has been demonstrated on

% This axis presents another

both glioblastoma tumor cells as well as macrophages in glioblastoma
mechanism through which the tumor microenvironment suppresses T cells 7z vivo.
1.5 Therapeutic Interventions in Glioblastoma

Treatment for glioblastoma has evolved tremendously over the past 100 years; however,
options are still limited and far from perfect. Due to its incredibly fast progression and dismal
median survival of 3-4 months without treatment, many extreme treatment modalities have been
investigated throughout history'. Prior to the advent of radiotherapy, investigators performed
extreme surgical procedures such as complete resection of the afflicted cerebral hemisphere in
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patients with glioblastoma'™. Others attempted to extend survival by repeatedly infusing patients

137

with bacteria to induce an immune response . Unfortunately, none of these treatments proved to
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be particularly effective and patients inevitably succumbed after experiencing brutal attempts at
curing the disease.

The classical treatment regimen for patients with glioblastoma, established in the mid-1900s,
is maximal surgical resection followed by radiation therapy; which extends median survival to
around one year following diagnosis'*®'”’. The most significant improvement in median survival
following the establishment of surgery and radiation as standard of care was the introduction of the
alkylating agent temozolomide (TMZ) to this protocol in the early 2000s which extended the median
survival to 14.6 months following diagnosis vs 12.1 months without TMZ treatment'*. Although
somewhat efficacious, this regimen is hampered by the fact that some patients express an enzyme
(MGMT) that renders them refractory to this treatment”. Furthermore, a median survival that still
sits at around one year is far from a cure. Most of the advancements that have been made in the past
50 years have been incremental improvements to existing protocols; however, promising results hint
at future breakthroughs in the treatment of glioblastoma.

Surgical resection remains the most effective and longest standing therapy for the treatment

of glioblastoma'"!

. Not only is surgery ideal for its ability to debulk tumors, but it is essential to
obtain tumor tissue to insure proper diagnosis and inform on the proper treatment pathway'*'.
There is minimal evidence from prospective clinical trials indicating the relationship between extent
of surgical excision and prognosis; however, multiple retrospective studies have shown a strong
correlation between extent of resection and median survival®*>'"*'*, Complete resection of a
glioblastoma remains impossible due to the extremely infiltrative nature of the disease and lack of a
clear border with adjacent tissue. Imaging techniques involving intraoperative tumor imaging and
fluorescent reporter molecules such as 5-aminolevulinic acid (5-ALA) have provided tools to
increase the average resected area following surgery'*"'*". Even so, complete resection of enhancing
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tumor has been shown to occur only in about 68% of patients ™. Additional hurdles facing
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neurosurgeons when performing surgical resections are posed by the location of the tumors within
the brain as well as the age of the patients. Due to either factor, surgery may not be an option as
tumors in certain brain locations (eg. the brainstem) do not allow for surgical resection and elderly
patients are often unfit to undergo surgical debulking'®. It should be noted, that in patients over 80
years of age, surgical debulking is still associated with a prolongation of median survival when
possible'’.

In addition to maximal safe surgical resection, nearly all glioblastoma patients also receive
radiation therapy. Radiation therapy was initially conceptualized in the 1930s, introduced for the
treatment of glioblastoma in the 1960s, and extended median survival from 3-6 months with surgery
alone to around 12 months"""*. Initial regimens consisted of whole brain radiation due to the
inability to distinguish the extent of disease with the neuroradiological tools of the era'”.
Technological advances over the past 50 years have allowed for focal irradiation of tumors and
minimization of damage to critical non-tumoral structures adjacent to cancerous tissue'”*. The
current standard of care for glioblastoma radiotherapy consists of postoperative radiation with total
doses in the range of 50-60 Gy'*". This radiation is typically delivered as fractionated focal irradiation
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at a dose of 2 Gy per day 5 days a week for up to 6 weeks ™. With respect to radiation therapy, there

remain hurdles that must be overcome regarding ideal treatment schemes. For example, elderly
patients are often excluded from large clinical trials and therefore there are still no standardized

protocols regarding their treatment'>

. Currently, researchers are investigating the ideal fractionated
radiation therapy regimen in elderly patients'.

There have been many clinical trials of traditional chemotherapeutic agents for the treatment
of glioblastoma with extremely limited positive results. These agents are often alkylating agents that
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cause DNA damage to induce apoptosis in replicating cells". Drugs such as carmustine and

cisplatinum have demonstrated minimal improvement in median survival and are associated with
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significant toxicity”'". The current standard of care is the alkylating agent TMZ that is
administered as concomitant and adjuvant therapy with radiation in glioblastoma'®. It was
previously established that MGMT expression reduces the efficacy of TMZ to induce apoptosis in
cells and shown in glioblastoma patients that epigenetic silencing of MGMT via promoter
methylation can predict response to TMZ™'.

In addition to broadly toxic chemotherapeutic agents, significant work has gone into the
development of targeted therapies aimed at inhibiting known oncogenic pathways within

glioblastoma'®'

. For example, many RTKSs have signaling that is dysregulated in glioblastoma.
Therefore, targeted therapies that normalize these signaling pathways offer logical routes of
investigation for management of the disease. For example, EGFR amplification or mutation (eg.
EGFRVIII) is present in roughly half of glioblastoma cases'®>'®. Therefore, many groups have
implemented trials to test the efficacy of EGFR signaling inhibitors for the treatment of
glioblastoma. Erlotinib, a small molecule EGFR inhibitor has been shown to be safe when
combined with TMZ and capable of increasing median survival'*. Treatment with erlotinib alone,
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however, has no effect on survival ®. Another EGFR inhibitor, gefitinib, was shown to sensitize

glioblastoma cells to radiation 7 vitro, however it too failed to produce an increase in median survival
in clinical trials'**'".

In addition to aberrant EGFR signaling, glioblastomas are known to demonstrate PDGFR
amplification as well as expression of all PDGF ligands*'®*. Additionally, alterations in hepatocyte
growth factor receptor (HGFR), fibroblast growth factor receptor (FGFR), and vascular-endothelial
growth factor receptor (VEGFER) signaling pathways are common in glioblastoma and linked to
tumor progression and angiogenesis®'*!"". Multiple VEGFR inhibitors including sorafenib and

tivozanib have been tested in the context of recurrent glioblastoma. The drugs were shown to exert

a significant anti-angiogenic effect but were not capable of extending median survival'™>'”. The pan-
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VEGTEFR inhibitor cediranib was also shown to be ineffective at extending median survival in a phase
III clinical trial, however, it has been proposed to be a suitable anti-edema therapy in
glioblastoma'”*'”

It has been hypothesized that inhibition of a single RTK pathway may not be sufficient to
produce a beneficial effect in glioblastoma as compensation can occur through other pathways.
Therefore, RTK inhibitors targeting multiple pathways have also been tested in glioblastoma'™. An
initial clinical trial for the dual RTK inhibitor AEE788 was performed on the basis that it inhibited
both EGFR and VEGFR, two pathways known to contribute to the pathogenesis of glioblastoma.
The phase I clinical trial demonstrated significant toxicity with little efficacy for the treatment of
recurrent glioblastoma'”’. The first RTK inhibitor to hit the market, imatinib, is a PDGFR and c-Kit
inhibitor'”. Tt also has been shown to be ineffective at extending median sutvival in glioblastoma in
a phase I/1I clinical trial'”. Small molecule RTK inhibitors have shown essentially zero efficacy in
extending median survival of glioblastoma patients in clinical trials.

In addition to small molecule RTK inhibitors, antibody-based therapies have been employed
to target the extracellular domain of these proteins as well as to capture the ligands responsible for
activating the receptors. This methodology presents challenges since only 0.1-0.2% of circulating
antibodies have been shown to cross the BBB™. The BBB is a collection of cells that form and line
vasculature in the CNS'™'. The brain has evolved vasculature that is enveloped in smooth muscle
cells, pericytes, and astrocytes that prevent the passage of large molecules and charged molecules
from the circulation into the brain. The endothelial cells in the BBB are held together by tight
junction molecules that establish its size selectivity.""'®’. Apart from physical exclusion, the
endothelial cells of the BBB are also known to express multi-drug resistance pumps'**. These
proteins actively recognize and excrete drugs and xenobiotics from the endothelial cells lining the

BBB, thereby preventing their entrance into the brain tissue'®'*. Via the aforementioned
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mechanisms, the BBB has been reported to exclude up to 98% of all small molecules from entering
the brain®. Although the BBB is frequently disrupted in glioblastoma, it is not uniformly disrupted,
and these processes can contribute to drug delivery challenges in regions where this barrier is intact.
It is possible that antibody can leak through areas where the BBB is disrupted. The anti-
EGFR antibody cetuximab was tested as a salvage therapy on relapsed patients and demonstrated
little efficacy'’. Monotherapy on newly diagnosed patients was also examined in a phase II clinical

trial with disappointing results'®

. The lack of efficacy here has not been explained mechanistically,
but it is plausible to hypothesize that lack of drug distribution throughout the tumor plays a role.
Some of the receptors targeted by these therapies are present at the cell surface of blood
vessels and antibodies have also been engineered to target circulating molecules that agonize the
receptors. In these cases, the antibody may not need to cross the BBB to exert its action. For
example, bevacizumab is a monoclonal antibody that binds to circulating VEGF and prevents it
from activating its receptort, thereby producing a potent anti-angiogenic effect'. Initial randomized
trials for bevacizumab in the context of newly diagnosed glioblastoma demonstrated no significant
improvement in overall survival, but a slight increase in progression free survival albeit less than the
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stated goal of the study ™. As analyzed in the AVAglio trial, combination of bevacizumab with

standard of care radiation and temozolomide therapy produced a similar benefit with respect to
progression free survival and patients receiving bevacizumab required less glucocorticoid treatment
to manage edema'". It should be noted that patients receiving bevacizumab in this trial
demonstrated a higher incidence of adverse events than those receiving placebo. The results of this
study also suggested that bevacizumab may serve as an attractive anti-edema therapy in glioblastoma,
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a result that was confirmed in murine studies . Further stratification of the AVAglio data into

molecular subtypes additionally illustrated that patients with Proneural glioblastoma may derive a
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survival benefit from the addition of bevacizumab to standard of care ™. This result suggests that the
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different molecular subtypes respond differently to therapy and should be treated as separate
diseases in some respects. It dictates that all patients should receive genomic tumor profiling at
diagnosis and that this information should be used to guide treatment decisions. Furthermore, it
suggests that additional information can be gleamed from clinical trials when patients are stratified
based on subtype.

In addition to targeting oncogenic signaling pathways in glioblastoma, significant attention
over the past decade has focused on how the non-neoplastic cells in the tumor microenvironment
can be targeted therapeutically'*. In a sense, targeting VEGF signaling therapeutically impacts the
microenvironment since it interrupts pro-angiogenic signaling between the neoplastic cells and
endothelial cells within the tumor. Perhaps the most compelling microenvironment-focused
therapies now are fixated on modulating the activity of immune cells within the tumor with the goal
of stimulating their ability to kill. Two main methodologies employed to accomplish this goal focus
on distinct but related immune cell types: macrophages and T cells.

Targeting macrophages can be accomplished through a variety of mechanisms including re-
educating or repolarizing the cells towards an anti-tumor phenotype or simply inhibiting the
infiltration of BMDM into the tumor. With respect to the former, it was shown in mice that
repolarization of macrophages with an CSF-1R inhibitor could increase survival and decrease tumor

195 This effect was attributed to a re-education

volume in a murine model of Proneural glioblastoma
of the cells towards an M1-like phenotype. When the orally bioavailable CSF-1R inhibitor PLLX3397
was tested in glioblastoma in a phase II clinical trial, the drug was shown to be well tolerated and
BBB penetrant, but no positive effects on survival were demonstrated'”. Additional clinical trials of
CSF-1R inhibitors have demonstrated their tolerability, but no clear efficacy in the treatment of solid

tumors has been established'””. Preclinical analysis of the compounds amphotericin B as well as the

toll-like receptor 3 agonist poly I:C has demonstrated the ability of these compounds to polarize
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macrophages towards an anti-tumor phenotype and stimulate their ability to inhibit glioblastoma
growth”'””. In particulat, poly I:C has shown some promise in phase I clinical trials as an immune
adjuvant therapy™”.

CSF-1R inhibition has been investigated in combination with anti-angiogenic therapy for its
ability to reduce the chemotaxis of peripherally-derived BMDM into tumors™'. This touches on the
idea that instead of re-educating these cells, perhaps it would be more beneficial to block their
infiltration in the first place. It is widely accepted that the recruitment of TAMs in glioblastoma
mainly provides a pro-tumoral environent'"*”, Therefore, blocking their infiltration is a logical step
towards improving patient outcomes through direct inhibition of a pro-tumoral pathway. BMDM
are known to be recruited to sites of inflammation through a wide array of chemotactic pathways™”.
Of these pathways, the C-C motif chemokine ligand 2 (CCL2)/C-C motif chemokine receptor 2
(CCR2) and C-X-C motif chemokine ligand 12 (CXCL12)/C-X-C motif chemokine receptor 4
(CXCR4) pathways have been shown to be intimately related to the chemotaxis of macrophages in
glioblastoma®**”. Stratification of human glioblastoma patients based on CCL2 expression
demonstrates an inverse relationship between CCL2 expression and survival time”. Furthermore,
heterozygous loss of CCL2 in a murine model of glioblastoma results in an increase in median
survival”. No clear demonstration of CCL.2 ablation resulting in reduced BMDM infiltration has
been shown, but this likely stems from the redundant activities of the MCP family members (MCP-
1, MCP-2, MCP-3, and MCP-4). Inhibition of CXCR4 signaling when combined with anti-
angiogenic therapy in a preclinical model of glioblastoma has been shown to reduce tumor growth

and increase overall survival®”®

. The precise actions on macrophage chemotaxis were not analyzed,
but it is plausible to hypothesize that the mechanism involved these cells. Initial clinical trials

validated the tolerability of CXCR4 blockade in glioblastoma and future trials will interrogate the

efficacy in extending median survival.
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In addition to directly targeting macrophages, a significant body of work has gone into
elucidating the interaction between macrophages and T cells and developing therapies that leverage
this interaction to produce a positive effect'’. Perhaps the most prescient interaction between these

135 Due to the resonant successes in

cell types as of late has involved the PD-1/PD-L1 signaling axis
treating melanoma with immune checkpoint blockade, the prospect of treating other tumor types,
including glioblastoma, has received significant attention®”*". The expression of PD-L.1 by
glioblastoma cells has been demonstrated but called into question due to the antibodies and
methodologies employed'*>*”. The more prominent theory is that PD-1.1 is expressed by
macrophage cell types, termed myeloid-derived suppressor cells (MDSCs) in glioblastoma, and
contributes to their immunosuppressive phenotype***!!. Regardless of the cell types expressing PD-
L1, its expression has been confirmed in glioblastoma tissue and is likely to interact with PD-1 on
the T cells that do infiltrate the tumor.

A variety of PD-1 and PD-L1 neutralizing therapies are currently under investigation either
as monotherapies or multimodal therapies for the treatment of glioblastoma. Of these, the PD-L1
neutralizing antibodies avelumab and atezolizumab have been demonstrated as safe for use in
glioblastoma patients and initial biomarkers of responders have been illuminated, but not yet
rigorously analyzed*'**". PD-1 neutralizing therapies appear to be slightly more mature in the
context of glioblastoma treatment. Neoadjuvant nivolumab treatment has been shown in a phase 11
clinical trial to boost immune cell infiltration and T cell receptor (TCR) clonal diversity in treated

214

tumors with two of three patients demonstrating a long-term response™". A larger clinical trial of the

PD-1 neutralizing therapy pembrolizumab with a similar neoadjuvant treatment regimen

demonstrated a significant extension in median survival that was attributed to an enhancement of

215

the local and systemic immune response”°. Considering these results, modulation of T cell actions in
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the tumor microenvironment provides a novel and promising therapeutic strategy for the treatment
of glioblastoma.
1.6 Rationale and Goals for this Project

The lack of progress towards the cure for glioblastoma is likely multimodal and rooted in
perceptions about the disease that are incompatible with the recent knowledge generated in the field.
The model systems that have been employed for the past 50 years have significant limitations in
their ability to emulate the molecular and cellular heterogeneity of glioblastoma and likely have
contributed to the limited success in managing this devastating disease. The focus on tumor cell-
targeted therapies neglects the now abundant knowledge regarding the tumor microenvironment.
Furthermore, the 7z vivo studies performed in immunocompromised mice fail to consider the
intricate relationship between the immune system and the tumor in glioblastoma and are limited by
the species incompatibility between human and murine signaling molecules and receptors.

With these concepts in mind, I set out to improve the tools available to the glioblastoma
research field and utilize these tools to answer disease relevant questions. The overarching goal of
this project was to integrate contemporary concepts regarding the molecule underpinnings of
glioblastoma as well as the cellular microenvironment to develop novel, subtype-specific,
immunocompetent murine models of adult glioblastoma that are driven by disease-relevant genetic
driver mutations. I then sought to use these models to investigate the relationship between the
innate immune system and the tumors of differing genetic backgrounds. To this end, the enclosed
work can be split into two major stages: (1) the development and validation of disease relevant
model systems and (2) the utilization of a disease relevant model system to investigate tumor
microenvironment signaling as a therapeutic target in glioblastoma.

Chapter 2 will discuss the generation of subtype-specific murine models of glioblastoma

based on the driver mutations outlined in chapter 1.3. Utilizing a somatic, cell type-specific gene
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transfer system, I display the ability to induce disease relevant oncogenic transformations in the cell
type thought to be the cell of origin for glioblastoma. Furthermore, I illustrate that with respect to
gene expression profile and histological characteristics, the murine tumors that I generate closely
cluster with the human subtypes they are meant to emulate. Investigation of the response of these
models to standard of care illustrates that they respond differently based on subtype, a manifestation
that should be considered when discussing the validity of stratifying human patients based on
subtype. Finally, I demonstrate the significant disruption of the BBB in PDGFB-overexpressing
tumors and propose their utilization for the study of glioblastoma-associated cerebral edema.

Chapter 3 will present the results obtained in my effort to find an alternative therapy to
dexamethasone for the management of glioblastoma-associated cerebral edema. I illustrate a
connection between dexamethasone and interleukin-1 (IL-1) signaling zz vitro, ex vivo, and in vivo.
Both dexamethasone treatment and IL.-1 signaling are shown to inhibit the chemotaxis of BMDM
into murine glioblastoma tumors. Furthermore, both strategies are proven to be efficacious at
reducing edema in glioblastoma; however, 11.-1 signaling inhibition is demonstrated to be superior in
the sense that it does not impair the response to radiation in tumor-bearing mice. In total, this
chapter suggests that specific IL.-1 inhibition may be an attractive alternative to dexamethasone for
the management of cerebral edema and demonstrates that IL-1 signaling controls BMDM
recruitment through an MCP family dependent signaling axis.

Chapter 4 provides the overarching conclusions of this work and speculates on the logical
future directions pertaining directly to this project. Both immediate goals and long-term future

directions are laid out.



Chapter 2: Subtype-Specific Mouse Modeling of Glioblastoma!

"Portions of this chapter were adapted from the published manuscript: Herting CJ, Chen Z, Pitter
KL, Szulzewsky F, Kaffes I, Kaluzova M, Park JC, Cimino PJ, Brennan C, Wang B,
Hambardzumyan D. Genetic driver mutations define the expression signature and
microenvironmental composition of high-grade gliomas. G/ia. 2017;65(12):1914-26. Epub

2017/08/25. doi: 10.1002/glia.23203. PubMed PMID: 28836293.
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2.1 Introduction

Modeling anything, be it mathematical, computational, biological, or any other permutation,
is limited in utility and validity. As famously put by the statistician George E. P. Box, “all models are
wrong, but some are useful”?'’. When generating models, it is important to consider the questions
the model will be used to address and to design them to be well suited for that purpose. When
starting this portion of the project, I strove to design, generate, and validate immunocompetent and
subtype-specific mouse models of glioblastoma via % situ generation of primary tumors. Specifically,
I wanted to generate the premier model for interrogation of questions relating to the immune
microenvironment in glioblastoma while providing the ability to assess differences between each
genetically defined subtype. This chapter will cover the variety of model systems available for
studying glioblastoma, highlight the drawbacks that precluded their utilization for assessment of my
questions, and finally the design, generation, and validation of the model system.

Glioblastoma modeling can be separated into 7 vitro and in vive categories with various sub-
categories present within. One of the first, and perhaps most widely utilized, models of glioblastoma
resides in the 7z vitro category and has been the topic of significant discussion in the field as of late.
During the late 1960’s, researchers at Uppsala University in Sweden strove to provide a standardized
resource for the glioblastoma field and isolated, validated, and distributed a series of patient-derived
cell lines for preclinical research’. These cell lines, including U87 and U251 cells, have been
employed in thousands of papers since with the former garnering over 1900 citations in PubMed

and the latter over 1100 citations*'®

. Particularly in the early years, these lines provided researchers
with an invaluable resource to study human glioblastoma cells, their growth characteristics, and
signaling cascades in a tissue culture dish without needing the tools and expertise to derive them

independently. Furthermore, the establishment of these lines as a resource for the field allowed for

direct comparison and validation of research coming out of different labs.
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Although useful, the cell lines were initially an imperfect tool and have since been plagued by
additional problems. First, any analysis of cancer cells in a petri dish neglects the complexity of
organismal biology and must be taken with a grain of salt. Without considering the activity of cancer
cells within an organism, their interaction with non-neoplastic cells within the tissues in which they
reside, and the distribution as well as metabolism of compounds meant to target them
therapeutically, results become challenging to interpret. Additionally, following their deposition in an
American Type Culture Collection (ATCC) database in the 1970’s, the handling of these cells as well
as their current validity has been questioned™**.

To address the issues raised with simple 7z vitro studies, it is commonplace to utilize 7 vivo
vertebrate models of glioblastoma with mice serving as the most common host animal. Frequently,
in vivo models are employed to answer questions that cannot be addressed with simple 7 vitro
systems, or to confirm results seen with 7z vitro studies. Murine models of glioblastoma will be the
focus of this chapter. They can be split into three primary categories, each with their own strengths
and weaknesses: (1) xenograft models, (2) syngeneic mouse models, and (3) genetically engineered
mouse models™".

A xenograft is the implantation of cells, tissue, or organs from a donor of a different species
from the recipient. With respect to xenograft models of glioblastoma, there are two main flavors
that are frequently employed. First, the aforementioned cell lines can be implanted into the flanks or
brains of immunocompromised mice. The main attraction of this methodology is it allows for the
interrogation of the same cells between 7 vitro and in vivo experiments, thereby increasing the
probability that results generated with the former will be confirmed by the latter. It is also easy to
grow and expand these cell lines zz vitro, making generation of sufficient cells for an experiment all

but guaranteed*”. Significant limitations with this methodology arise when the histological

characteristics of these tumors are considered. Tumors generated with this methodology frequently
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lack the histological hallmarks of glioblastoma including microvascular proliferation,
pseudopalisading necrosis, and tumor cell invasion into adjacent tissue***. The lack of a functional
immune system in these mice also prohibits their utilization for immune microenvironment or
immunotherapy studies, significantly limiting the scope of what can be accomplished with this
tool*”. Considering the recent concerns regarding the identity of the cell lines used in this approach,
for the purposes of accurate modeling of human glioblastoma there are certainly better tactics.

The second xenograft model that is frequently employed is called a patient-derived xenograft
(PDX). As the name would suggest, this model involves the xenotransplantation of a human
glioblastoma sample either as dissociated cells or a tissue chunk into the flank or brain of
immunocompromised mice. Since the same mice are employed in this approach as the previous
xenograft methodology, the same limitations regarding the immune system apply. The improvement
with this model over the previously described xenograft model comes from the cells used for
transplantation. This method allows for transplantation of tumor spheroids that retain some of the

226

structure and microenvironmental cells present in the parent tumor=". Furthermore, when implanted

orthotopically, tumor cells demonstrate the propensity to infiltrate adjacent tissues, recapitulating

227

phenotypes of the human disease™'. PDXs additionally display more of the histological hallmarks of

glioblastoma, thereby offering an improvement over the injection of established cell lines™®

. Finally,
the major advantage of this model is that the cells injected come directly from the patient, quelling
any fears over the identity of the cells and if they accurately model what is seen in humans.

The utilization of cells directly from human patients raises the possibility of using this model
for personalized medicine or co-clinical trials where patient tumors are tested preclinically alongside

their analysis in the clinic™®

. Due to the latency of tumor development, in some cases up to 11
months following injection, as well as the variability in establishment of PDXs the feasibility of this

approach is questionable, but the theory remains attractive. Overall, PDXs offer improvements over
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the other xenograft model, and display noted utility and widespread acceptance; however, the lack of
a functional immune system and incompatibility of cellular signaling between human ligands and
murine receptors highlight the drawbacks of this technique.

Syngeneic mouse models of glioblastoma are similar to xenografts in that they involve the
transplantation of exogenous tumor cells into mice, but are different in that they involve the

2 The cell lines used in this

engraftment of murine tumor cells in immunocompetent mice
methodology were originally isolated from spontaneous tumors (SMA-560) or from chemically
induced tumors (CT-2A and G1.-261)"*7, 'The obvious advantages of this methodology are that
since the cells are murine cells, there are no concerns regarding incompatibility of signaling pathways
and they can be implanted in immunocompetent mice; allowing for direct interrogation of the
involvement of the immune microenvironment on the tumot. The clear drawback, however, also
stems from their identity as murine tumor cells. For most researchers, the goal of their work is to
cure human tumors. Some argue that progress towards this goal is hampered by studying murine
tumors specifically and that utilization of human tumor cells will provide more rapid progress
towards this goal. Regardless, the utilization of immunocompetent mice allows for studies that are
impossible using either xenograft methodology.

The final technique frequently employed to model glioblastoma involves the utilization of
genetically engineered mice to generate tumors. In fact, the first mouse model of brain tumors was

developed by delivering oncogenes to the eggs of transgenic mice*”

. Further development of
molecular biology techniques allowed for the tissue-specific and conditional expression of
oncogenes for cancer modeling”. In total, most genetically engineered mouse models utilize either
viral delivery of oncogenes, or Cre-lox mediated activation of oncogenes in transgenic mice. These

methods allow for generation of primary tumors in immunocompetent mice. This allows for the

analysis of immune interactions with the tumor as well as immunotherapies. Furthermore, since
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tumor cells are not injected directly into the mice, it allows for tumor development 7 situ, more
accurately mimicking the process that occurs in human patients. The final advantage of genetically
engineered mouse models stems from their tunability. These methods allow for the delivery of
precise oncogenes or combinations of oncogenes to specific cell types at specific times, thereby
allowing for more accurate genetic and temporal modeling of what is seen in humans.

The goal of this portion of the project was to generate the premier model for interrogation
of questions relating to the immune microenvironment in glioblastoma with the ability to assess
differences between each subtype. Considering the inability to perform immunological studies in
xenograft models, and limitations regarding the tunability of syngeneic models with respect to the
tumor subtype, I chose to investigate genetically engineered mouse models to achieve my goal.

In the early 1990’s, a group at the National Cancer Institute (NCI) hypothesized that avian
viruses and their associated receptors could provide a tool to specifically transfer genetic information
to predetermined mammalian cell types. They noted that avian leukosis viruses (ALVs) had been
previously utilized to transfer genetic information to avian cells, but the tool lacked utility in the
mammalian space due to its inability to infect mammalian cells. In 1993, however, they isolated an
published a chicken gene, #-4, that conferred susceptibility to infection by ALV and avian sarcoma
viruses (ASV)*. With this information in hand, they designed a transgenic mouse that expressed
this gene under the sk-actin promoter, making it specific for skeletal muscle cells and demonstrated
the ability of these cells to be infected by ALV**. Here they noted that the promoter under which #-
a was expressed could be changed, theoretically providing the ability to target any cell within an
animal that expressed a cell type-specific promoter. They highlighted that this discovery offered
promise of an attractive promise for the cancer research and gene therapy fields.

The first paper that described the utilization of this tool for the modeling of brain tumors

termed the system replication competent avian sarcoma leukosis virus long terminal repeat with
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splice acceptor/tumor virus-A (RCAS/#-a) and displayed the ability of this system to induce EGFR

27 Over

expression in Nestin- or GFAP-positive cells, thereby creating glioma-like lesions in mice
the following decade, this tool was honed and the number of mutations that could be delivered
increased®***. In 2009, it was demonstrated that PDGFB could be used as an oncogenic driver to
induce glioma-like lesions in adult mice that displayed the histological characteristics of human
tumors™*'.

As I set out on this project, my initial goal was to characterize how alike the PDGFB-
overexpressing tumors were to human Proneural tumors that are known to have amplifications in
PDGTF signaling. Furthermore, I wanted to establish models of adult Mesenchymal and Classical
glioblastoma in mice driven by NF1-silencing and induced expression of the mutant, constitutively
active EGFR, EGFRVIII respectively. Enclosed in this chapter are descriptions of the techniques
utilized to generate these models as well as the results of the experiments performed to validate their
similarities to human tumors. Finally, I addressed the response of these tumors to standard of care
radiation and temozolomide as well as investigative immunotherapies to determine differences in
response between the subtypes.

2.2 Materials and Methods
Mice

Ntv-a) Cdkna’" | Pten”” Ntv-a/ Pten”” and Ntv-a) Cdkn2a’ | EGFRuIIF'? | Pten”" mice in the
age range of 4-16 weeks were used for all experiments. Ntv-a/ Cdkn2a’"/ Pten”” are in a mixed
genetic background as previously described®**?. Ntz-a/ Pten”" are in a C57BL/6 background and
were generated via 10 generations of back crosses. Ntv-a/ Cdkn2a’ | EGFRoIIP"" | Pten”” are also
C57BL/6 background and were generated by crossing the previously described Cdén2a’

/EGFRuIII"" ] Pten" mice with Ntv-a/ Ptren”” mice. All animals were housed in a climate controlled,
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pathogen-free facility with ad /ibitum food and water under a 12-hour light/dark cycle. All
experiments were performed with equal distribution of gender and age between different groups.
DF-1 Cell Culture and Transfection

DF-1 cells were purchased from ATCC (ATCC, CRL-12203) and grown in high-glucose
DMEM (ATCC, 30-2002) with 10% FBS (ATCC, 30-2020) and 1x Penicillin/Streptomycin (Gibco,
15140122) at 39°C with 5% CO; as specified by the manufacturer. Cells were always transfected in
early passages (p1-p3) and were discarded following 25 passages. Transfection was performed for
RCAS PDGFB-HA, RCAS Cre, RCAS shNf7, RCAS shp53-RFP, and RCAS shPzen-RFP using the
Fugene 6 transfection kit (Roche, 11814443001) according to the manufacturer’s instructions.
Plasmid concentrations and quality were measured on a Nanodrop 2000 (Thermo Scientific) prior to
utilization and were stored at 4°C. Cells were detached with 0.05% trypsin-EDTA (Thermo Fisher,
25300054) every 2-3 days and were split at a 1:6 or 1:8 dilution.
Tumor Generation

Injections were performed on a stereotactic fixation device (Stoetling). Mice were
anaesthetized with intraperitoneal (IP) injections of ketamine (0.1 mg/g) (McKesson, 494158) and
xylazine (0.01 mg/g) (Akorn) prior to shaving the head with battery-powered clippers. A local
injection of 50 ul of marcaine (McKesson, 57199) was delivered subcutaneously in the scalp for pre-
surgical analgesia. Mice were then loaded onto the stereotactic fixation device and a small caudal
incision was made on the scalp to the right of the midline with a surgical scalpel. The skull was then
blotted dry with sterile cotton tipped applicators and a burr hole was made in the skull with a
surgical drill in the appropriate location for tumor generation. DF-1 cells (4x10) were
stereotactically delivered with a Hamilton syringe equipped with a 30-gauge needle. For PDGFB-
overexpressing tumors, RCAS PDGFB was injected alone in Nzv-a/ Cdkn2a’"/ Pten””" mice and co-

injected with RCAS shp53-RFP at a 1:1 ratio for tumors generated in Ntz-a/ Pren””" mice. PDGFB-
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overexpressing tumors were generated in the right-frontal striatum with injection locations at AP-1.7
mm and right-0.5 mm from bregma; depth-2 mm from the dural surface*”. For NF1-silenced
tumors, RCAS shINf7, RCAS shp53-RFP, and RCAS Cre were co-injected at a 1:1:1 ratio in the
subventricular zone at AP-0.0mm and right-0.5mm from bregma; depth-1.5mm from the dural
surface”. EGFRVIII tumors were generated via injection of RCAS Cre, RCAS shp53-RFP, and
RCAS shPren-RFP at a 1:1:1 ratio also in the subventricular zone. The scalp was sealed with
GLUture (WPI, 503763) and sterilized with iodine before placing the mice on a heating pad until
cessation of anesthesia. Mice were then treated with 50 pl of buprenorphine (McKesson, 1013922)
subcutaneously at the site of incision prior to returning to their cage as well as once more within 24
hours of the surgery. Mice were continually monitored for signs of tumor burden and were
sacrificed upon observation of endpoint symptoms including head tilt, lethargy, seizures, and
excessive weight loss.
Tissue Isolation

At endpoint, mice were sacrificed via ketamine overdose and perfused with sterile Ringer’s
solution (Sigma-Aldrich, 96724-100TAB). The brain was extracted, and a piece of tumor was
immediately snap-frozen in liquid nitrogen for storage at -80°C. The remainder of the brain was
transferred to 10% neutral-buffered formalin (Sigma-Aldrich, HT501128) for 72 hours. Fixed tissues
were embedded in paraffin and 5 um formalin-fixed paraffin embedded (FFPE) sections were cut
on a microtome (Leica). The sections were deparaffinized in histo-clear (Fisher Scientific, 50-899-
90147) and were passed through graded alcohols prior to H&E staining for tumor verification and
grading by a certified neuropathologist.
Radiation and Drug Treatment of Tumor-Bearing Mice

Prior to irradiation, mice were sedated with ketamine and xylazine at the dose utilized for

surgery. Irradiation of the head was performed with the X-RAD 320 irradiator (Precision X-Ray)
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with the mice loaded into a lead shield apparatus with only the head exposed to the radiation beam.
Radiation was administered at 115 ¢Gy/min for a total daily dose of 2 Gy. Mice received radiation
for five consecutive days followed by two days off for two total cycles. TMZ (Sigma-Aldrich, T2577)
treatment was administered as a monotherapy at a dose of 25 mg/kg/day in 10% DMSO in saline
via oral gavage on the same dosing schedule as the radiation. Vehicle was delivered to control mice
following the same schedule. For anti-PD-L1 therapy, mice were administered either a PD-1.1
neutralizing antibody (Bio X Cell, BE0101) or its isotype control, Rat IgG2b (Bio X Cell, BE0090)
via intraperitoneal injection at a dose of 10 pg/kg on the indicated days. Mice were continually
monitored and sacrificed upon display of endpoint symptoms.

Tmmunobistochemistry

5 um FFPE sections were stained using the DISCOVERY XT automated staining platform
(Ventana Medical Systems). Anti-CD31 (BD Pharmingen, 558736, 1:50), anti-CD44 (BD
Pharmingen, 550538, 1:1000), anti-pH3 (Ser10) (Millipore, 06-570, 1:400), anti-GFAP (Dako,
70334, 1:8000), anti-OLIG2 (Millipore, AB9610, 1:400), and anti-IBA1 (Wako, 019-19741, 1:250)
were utilized for stainings at the indicated dilutions. Phosphate-buffered saline (PBS) with 2%
bovine serum albumin (BSA) was used as a buffer for the antibodies. Coverslips were mounted with
Permount (Fisher Scientific, SP15).

Magnetic Resonance Imaging (MRI)

All MRI data were acquired with a 9.4 T/20 cm horizontal bore Bruker magnet, interfaced
to an Avance console (Bruker) and equipped with an actively shielded gradient set (inner diameter,
11.0 em; maximum gradient strength, 400 m'T/m,; rise time, 110 ms) with modifications of a
previously established protocol®. A two-coil actively decoupled imaging set-up was used (a 2 cm
diameter surface coil for reception and a 7.2 cm diameter volume coil for transmission) to achieve

maximal signal-to-noise ratio over the cortical and subcortical areas of interest. All animals were
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imaged with a custom-made ID 32 mm quadrature birdcage body resonator (Stark Contrast MRI
Research) while anesthetized using 1.5-2.2% isoflurane (TerrellTM, MINRAD Inc.). All images were
acquired on a Bruker USR 9.4T scanner (Bruker Biospin MRI Inc.). The mouse head was imaged in
the coronal orientation using a T2-weighted rapid acquisition with relaxation enhancement (RARE)
sequence with TR= 3.5 s, TE= 60 ms, RARE factor of 8, NE= 4, FOV= 40 x 40 mm?, slice
thickness = 0.7 mm, with an in-plane resolution of 0.156 x 0.156 mm®” Animal breathing was
monitored using an animal physiological monitor system (SA instruments). Tumor volumes were
determined by outlining the tumor region apparent in each MRI section and multiplying it by the
slice thickness. The sum of the tumor volume from each slice was used as the total tumor volume.
The growth curves generated with this analysis were fitted with an exponential growth equation of

the form y = y, + ekg*t

. The mean value for the growth rate constant (&, was compared between
PDGFB-overexpressing and NF1-silenced tumors.
Image Acquisition and Analysis of Cell Populations

The Nanozoomer 2.0HT (Hamamatsu Photonics) whole slide scanner was utilized to
convert the stained tissue sections into digital files. Subsequent image analysis was carried out using
Fiji**. For each tumor and staining, the total tumor area was calculated, and several representative
images were selected per tumor area. To account for heterogeneity within individual samples, each
tissue section was subdivided into different regions. Each region was subsequently attributed a
percentage of the total number of images per section based on its relative size. For IBA1, CD44,
CD31, and GFAP, the percentage of stained area per 2560 x 1417-pixel area (pixel width: 454 nm)
field at 20x magnification was analyzed, whereas positive nuclei per field were quantified for pH3.
Additionally, for CD31, average vessel size was calculated by dividing the CD31-positive area by the

number of vessels. OLIG2-positive nuclei number was estimated using Aperio’s Image Analysis

Toolbox (Leica Biosystems). The investigators were blinded as to the tumor type of the samples
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during the quantification process. Necrotic and peri-tumoral areas were not included. Final values
were standardized to an area of one mm?.

RNA Extraction and Quantitative-PCR

Snap-frozen tumor pieces were utilized for RNA extraction using the RNeasy Lipid Tissue
Mini-Kit (Qiagen, 74804) according to manufacturer’s instructions. RNA concentrations were
measured with a NanoDrop 2000 (Thermo Scientific) and RNA quality was assessed by
electrophoresing the samples through a 1% agarose (Sigma-Aldrich, A9539), 1% bleach (Sigma-
Aldrich, 425044) gel spiked with ethidium bromide (Sigma-Aldrich, E1510) according to established

protocol™*

. A cDNA library was synthesized for each sample using the First Strand Superscript 111
cDNA synthesis kit (ThermoFisher, 18080051) according to the manufacturer’s instructions and
with equal amounts of starting RNA. Quantitative-PCR was performed with the validated BioRad
PCR primers for murine Abgg2, Aifl, Akt2, Ascll, Caspl, Cebpb, Chi3/1, Dil3, Egfr, Elfl, Faofi3, Jun,
Met, Mgmt, Mmp9, Myc, Neam1, Nes, Olig2, Pdgfa, Serpinel, Snai2, Sox2, Sp1, Sre, Stat3, Tazg, 1gbl, Ti4,
Yap, and f-Actin using SsoAdvanced Universal green Supermix (BioRad, 1725271). Fold change in
gene expression was determined relative to the PDGFB-overexpressing tumors using the 244

method with 3-Actin as a housekeeping gene. Gene expression results were converted to log, z-

scores prior to analysis.
TCGA Analysis

Patient survival data, mRNA expression, gene mutation and copy number values for each
gene of interest were obtained from the MSKCC computational biology cancer genomics data server
using the R package cgdsr (https://github.com/cBioPortal/cgdst)**"**. Expression subclasses were
assigned based on annotation as previously described and G-CIMP-positive tumors were excluded’.

EGFR- and PDGFRA-altered tumors were defined by gene amplification (GISTIC score = 2).
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NF1-altered tumors were identified as the union of cases with gene loss (GISTIC score = -1) and
silencing mutations (nonsense or frameshift). Analysis was performed on two datasets; 1) a dataset
where patients with two or more hits (co-amplifications of EGFR, PDGFRA and deletions of NF1)
are included and 2) a dataset where patients with two or more hits are excluded. Data for the same

genes analyzed with quantitative-PCR in murine tumors were downloaded.
Clustering Analysis

A distance matrix was calculated, and hierarchical clustering was performed on the murine
quantitative-PCR data using the factoextra package in R. Principal component analysis on murine
tumor and human tumor expression data were also performed using this package. A gene expression

heatmap for both sets of data was generated using the pheatmap package.
Histopathological Analysis

Hematoxylin and eosin-stained tumor samples were analyzed in a blinded fashion by a
certified neuropathologist (PJC). Grading was performed according to the guidelines presented in

the 2016 WHO Classification of Tumors of the CNS?,
Statistical Analysis

GraphPad Prism (GraphPad Software) versions 6-8 were used for statistical analysis as well
as R version 3.5. The details of specific statistical tests are included in the legends of each figure.

Data are presented as mean®SD. Significant values were those with P<0.05.
2.3 Results

The RCAS/ tv-a system produces adult NF1-silenced murine HGG from cells in the subventricular 3one
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The RCAS/ fv-a system has been established as a useful tool to study PDGFB-ovetexpressing
high-grade glioma (HGG) in vivo’*’. T demonstrated that RCAS PDGFB injection into the right and
left hemispheres as well as the subventricular zone of Nzv-a/ Cdkn24’"/ Pten”"" mice results in 100%
formation of grade IV glioblastoma (Figure 2.1). These tumors displayed microvascular
proliferation and pseudopalisading necrosis, which are hallmark histological characteristics of human
HGG (hHGG)*'*”. The expression profile of PDGFB-overexpressing murine HGG (mHGG) has
been shown to be similar to the human Proneural subtype when generated with various model
systems, including RCAS/#-a"*". To model Mesenchymal hHGG using the RCAS/#-a system, 1
used both mixed strain Ntv-a/ Cdkn2a’"/ Pren”” mice as well as C57BL/6-background Ntv-a/ Pten”"”
mice and co-injected RCAS shINf7, RCAS shp53, and RCAS Cre into the striatum as well as the
subventricular zone. NF1-silenced tumors only formed when injected into the subventricular zone
of adult mice (Figure 2.2A/B), in contrast to what was previously published regarding PDGFB-

overexpressing tumors™!!

. These results suggest that cells at various locations can serve as the cell of
origin for transformation by PDGEFB-overexpression, but only cells in the subventricular zone can
be the cell of origin for NF1-silenced mHGG. This conclusion supports previous publications
suggesting that the cell of origin for NF1-silenced HGG is either subventricular zone stem and
progenitor cells or subventricular zone progenitor cells alone®*?. The unique, stem cell-promoting

environment of the subventricular zone may also contribute to the ability of NF1-silenced tumors to

form only in this location®”.

Although both the PDGFB-overexpressing and NF1-silenced mHGG models demonstrated
reliable tumor formation, there was a significant difference in their median survivals (Figure 2.2A).
Since median survival can be affected by tumor initiation and/or growth kinetics, I sought to
determine to what extent the median survival difference was driven by altered growth kinetics

between the two tumor types. To accomplish this task, I used T2-weighted MRI to assess the
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Figure 2.1. PDGFB-overexpression generates grade IV glioblastoma regardless of the
location of RCAS injection. PDGFB-overexpressing tumors were generated via RCAS injection in
the cerebellum (N=3), SVZ (N=9), and cortex (N=0). H&E-stained tissue samples were analyzed

post-sacrifice. No significant difference in malignancy was observed between the groups. Fisher’s

exact test used for analysis.
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Figure 2.2 PDGFB-overexpressing and NF1-silenced murine HGG display significantly
different median survivals and tumor initiation times, but similar tumor growth kinetics. (A)
Kaplan-Meier survival curve showing overall survival of PDGFB-overexpressing and NF1-silenced
mHGG in mixed strain N#v-a/ Cdkn2a’"/ Pren”” mice and C57B1./6 background Nzv-a/ Pren” mice.
NF1-silenced mHGG was generated by SVZ RCAS injection, while PDGFB-overexpressing
mHGG was generated by injections in the frontal striatum. P-values were calculated using a log-rank
(Mantel-Cox) test. (B) Representative magnetic resonance images of PDGIB-overexpressing and
NF1-silenced mHGG showing the injection site as well as small and large tumors. Tumor growth
curves were fitted with an exponential regression. Comparison of the mean growth rate constant (%&,)
for each group indicated no significant differences in growth kinetics. The x-axis (days) indicates the

number of days after the initial MRI when the scan was taken. (C) Tumor volumes as measured by
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T2-weighted MRI scans taken 30 days following RCAS injection for both PDGFB-overexpressing
(N=31) and NF1-silenced (N=5) mHGG as well as 60 days following RCAS injection for the NF1-
silenced (N=5) model. Percent tumor formation (TF) is indicated above each group. (D)
Representative images of immunohistochemistry for pH3 staining of PDGFB-overexpressing (N=5)
and NF1-silenced N=4) mHGG in N#-a/ Cdkn2a’"/ Pten”" mice. pH3 quantification shows a
significantly increased number of cells in the M-phase of the cell cycle in PDGFB-driven tumors
compared to NF1-silenced tumors. Analysis was performed with unpaired, two-tailed Student’s t-

tests. Scale bars= 100 pm. *P<0.05, ***P<0.0001.
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tumor volume once per week following tumor initiation, thereby allowing for determination of the
rate of tumor growth over time. This experiment (Figure 2.2B) showed that the two tumor types
have similar growth kinetics and, therefore, the differences in survival between the two cannot be
attributed to this factor. Moreover, MRI scans at 30 days post-RCAS injection in both models, and
at 60 days post-injection in the NF1-silenced model, demonstrated that PDGFB-overexpressing
tumors form within 30 days of injection, while NF1-silenced tumors take around 60 days to initiate
(Figure 2.2C). To support the conclusion that PDGFB-overexpressing and NF1-silenced tumors
grow at a similar rate, I assessed proliferation in both models using immunohistochemistry for
phosphohistone-H3 (pH3), which labels replicating cells in the M-phase of the cell cycle. The
quantification of pH3-positive nuclei showed a significantly higher number of positive cells in
PDGEB-overexpressing mHGG compared to NF1-silenced mHGG despite apparent heterogeneity
in both groups (Figure 2.2D). This difference is likely insufficient to completely explain the
differences in median survival. These results in total suggest that the main difference seen between
survival curves of PDGFB-overexpressing and NF1-silenced mHGG stem from altered latency of
the two tumor types following RCAS injection. To corroborate this phenomenon in humans, 1
evaluated whether there is a difference in the survival of Proneural and Mesenchymal tumors as well
as PDGFRA-amplified and NF1-deleted/mutant hHGG using TCGA data and obsetved no

significant difference (Figure 2.3).
Genetic driver mutations determine tumor expression profile and histological characteristics

Since it was previously demonstrated that enrichment of EGFR, PDGFRA, and NF1
genomic alterations associate with overall transcriptome patters, I asked whether genetic alterations
can directly influence the transcription of factors that are known to be associated with the defined

HGG subtypes®’. Through TCGA analysis, it was demonstrated that amplifications in
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Figure 2.3. Kaplan-Meier survival curves of patients with Proneural and Mesenchymal
human HGG; and PDGFRA-amplified and NF1-deleted/mutant human HGG. Analysis

performed with a log-rank (Mantel-Cox) test, ns=not significant.
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PDGFRA are most prevalent in Proneural hHGG, NF1 loss is most frequently seen in
Mesenchymal hHGG, and activating EGFR alterations are enriched in Classical h(HGG (Table 2.1).
Moreover, the fact that PDGFB-overexpression in murine models can drive a transcriptome pattern
similar to the human Proneural subtype is direct evidence that genetic mutations can drive defined
transcriptome patterns®**'. Lending further support to this hypothesis, the loss of NF1 was shown
to drive a Mesenchymal expression profile in tumors generated via RCAS/#-a-mediated silencing of

NF1 in newborn mice®*

. Here, I initially compared the differences between PDGFB-overexpressing
and NF1-silenced mHGG by mining TCGA data to determine genes that are differentially expressed
between the corresponding human subtypes. I identified a panel of 18 differentially expressed genes
and analyzed their expression in the murine tumors with quantitative-PCR (Figure 2.4).
Additionally, I analyzed expression of these genes in hHGG comparing either PDGFRA-amplified
and NF1-deleted/mutated tumors (Figure 2.5) or human Proneural and Mesenchymal tumors
(Figure 2.6). To simplify the visual comparison of expression profiles between these sets of data I
generated a heatmap and performed principal component analysis to cluster the centroids of each
dataset (Figure 2.7A/B). This analysis demonstrated the tendency of PDGFB-overexpressing
mHGG to cluster with PDGFRA-amplified hHGG as well as Proneural h(HGG (Figure 2.7B).
Moreover, NF1-silenced mHGG was shown to cluster with NF1-deleted/mutant hHGG as well as
Mesenchymal hHGG (Figure 2.7B). Histologically, PDGEFB-overexpressing tumors were almost
exclusively grade IV glioblastoma, while NF1-silenced tumors displayed a mixture of grade I11

anaplastic astrocytoma and grade IV glioblastoma in both Ntz-a/ Cdkn2a’" | Pten”"" mice as well as

Ntv-a/ Pten”"" mice (Figure 2.7C/D).

To further validate these two models histologically, I employed a panel of four markers that
have been shown to exhibit polarized expression in human Proneural and Mesnchymal hHGG.

These included the Proneural markers OLIG2 and DCX as well as the Mesenchymal markers GFAP
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Genetic CL MES PN Genetic CL MES PN

Alteration (n=144) (n=152) (n=99) Alteration (n=144) (n=152) (n=995)

NF1 del/mut 9 37 6 NF1 del/mut 3 29 3

PDGFRA 11 10 33 PDGFRA 2 7 28
amplification amplification

EGFR 113 49 19 EGFR 99 40 15
amplification amplification

Table 2.1. Prominence of PDGFRA, NF1, and EGFR mutations in Proneural, Mesenchymal,
and Classical human HGG. Copy number alteration data from TCGA was mined to determine
the presence of PDGFRA-amplification, NF1-loss/mutation, and EGFR-amplification in h(HGG
samples. (A) A demonstration of the distribution of the alterations when co-incidence is allowed. (B)
A demonstration of the distribution of the alterations when co-incidence is not allowed. These
tables illustrate that NF1-loss/mutation, PDGFRA-amplification, and EGFR-amplification tend to

occur most frequently in Mesenchymal, Proneural, and Classical hHGG respectively.
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Figure 2.4. Log; z-score values of the 18 genes in PDGFB-overexpressing or NF1-silenced
murine HGG analyzed with quantitative-PCR (N=13 for both groups). Analysis performed with
unpaired, two-tailed Student’s t-tests. Welch’s correction performed for samples with unequal

variance as determined by an F-test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 2.5. Log; z-score values of the 18 genes analyzed in PDGFRA-amplified and NF1-

deleted/mutant human HGG. Data were quetied from the TCGA database (N=18 for

PDGFRA-amplified and N=26 for NF1-deleted/mutant tumors). Analysis performed with

unpaired, two-tailed Student’s t-tests. Welch’s correction performed for samples with unequal

variance as determined by an F-test. *P<0.05, **P<0.01.
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Figure 2.6. Log; z-score values of the 18 genes analyzed in Proneural and Mesenchymal
human HGG. Data was queried from the TCGA database and cBioPortal at MSKCC (N=69 for
PN and N=106 for MES tumors). Analysis performed with unpaired, two-tailed Student’s t-tests.
Welch’s correction performed for samples with unequal variance as determined by an F-test.

*P<0.05, ¥*P<0.01, ¥*P<0.001, ***P<0.0001.
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Figure 2.7. Genetic driver mutations determine expression patterns of various markers. (A)

Heat maps demonstrating 18 selected genes that are differentially expressed in Proneural (N=69)

and Mesenchymal (N=106) hHGG, PDGFRA-amplified (N=18) and NF1-deleted/mutant (N=20)

hHGG, and PDGFB-overexpressing (N=13) and NF1-silenced (N=13) mHGG. (B) Principal
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component analysis showing that Proneural hHGG, PDGFRA-amplified hHGG, and PDGFB-
overexpressing mHGG cluster, as do Mesenchymal hHGG, NF1-deleted/mutant hHGG, and NF1-
silenced mHGG. (C) Histological grading of PDGFB-overexpressing (N=306) and NF1-silenced
(N=28) mHGG in Ntv-a/ Cdkn2a’" | Pten”" mice. (D) Histological grading of PDGFB-
overexpressing (N=20) and NF1-silenced (N=6) mHGG in Nzr-a/ Pten”" mice. Analysis was
performed with unpaired, two-tailed Student’s t-tests. Welch’s correction was performed for samples

with unequal variance as determined by an F-test. *P<<0.05, **P<0.01, ***P<0.001, ****P<(0.0001.
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and CD44%*%°, As expected, I illustrated increased expression of OLIG2 in the Proneural tumor
model and increased expression of GFAP in the Mesenchymal tumor model (Figure 2.8). These
results hinted at an oligodendroglial phenotype of PDGFB-overexpressing tumors and an
astrocytoma phenotype of NF1-silenced tumors. My analysis of DCX and CD44 demonstrated an
enrichment in the PDGEFB-overexpressing and NF1-silenced tumors respectively (Figure 2.9).
Opverall, these immunohistochemical analyses further establish the similarity of these murine models

to their human counterparts.

Following the establishment of models for Proneural and Mesenchymal glioblastoma, I next
focused my attention on the development of a mouse model of the Classical subtype. Delivery of
the full length EGFRVIII receptor is prohibited with the RCAS system due to the size of the
receptor (>100kb) and the insert size limitation of RCAS (~2.5kb)*"**, Therefore, I had to develop
an alternative method for modeling this subtype in lieu of direct delivery of the mutant receptor.
Previously, Cdkn2a’ | EGFRuIIF" ] Pter”” mice had been used in association with a Cre adenovirus
to study the role of EGFR in gliomagenesis™’. I therefore hypothesized that by crossing these mice
into the N#-a/ Pten”” mice, 1 could model EGFRVIII tumors by inducing expression of the
receptor, along with additional co-mutations, specifically in Nestin-positive cells. Once I crossed
Ntv-a/ Cdkn2a’" | EGFRuIIF"/ Pten™" mice, 1 generated tumors via co-injection of RCAS Cre, RCAS
shp53-RFP, and RCAS shPren-RFP at a 1:1:1 ratio in the subventricular zone. I collected tumors for
analysis with a similar quantitative-PCR panel to what I had previously used to analyze PDGFB-
overexpressing and NF1-silenced tumors. Here, I expanded the panel to 30 total genes to include
those that are enriched in Classical h(HGG. Direct comparisons of quantitative-PCR results for these
genes between PDGEB-overexpressing, NF1-silenced, and EGFRvIII mHGG displayed expected
gene enrichments (Figure 2.10). These data additionally were comparable to the corresponding

human subtype data accessed through TCGA (Figure 2.11).
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Figure 2.8. Inverse correlation of OLIG2 and GFAP expression in PDGFB-overexpressing
and NF1-silenced murine HGG. Representative images of immunohistochemistry for (A) OLIG2
(N=5 for PDGFB-overexpressing and N=4 for NF1-silenced) and (B) GFAP (N=5 for both
groups) staining of PDGIB-overexpressing and NF1-silenced mHGG. Sections were
counterstained with hematoxylin. (A) Quantification of OLIG2 showed significantly increased
OLIG2-positive nuclei in PDGEFB-overexpressing mHGG. (B) In contrast, NF1-silenced mHGG
showed a higher percentage of GFAP-positive area. This suggests more oligodendroglioma
character in PDGFB-overexpressing mHGG and more astrocytoma character in NF1-silenced
mHGG. Analysis was performed with unpaired, two-tailed Student’s t-tests. Scale bars = 100 pm.

**xP<0.001.
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Figure 2.9. Inverse correlation of DCX and CD44 expression in PDGFB-overexpressing and
NF1-silenced murine HGG. Representative images of immunohistochemistry for (A) DCX (N=5
for PDGEB-overexpressing and N=4 for NF1-silenced) and (B) CD44 (N=5 for both groups)
staining of PDGEFB-overexpressing and NF1-silenced mHGG. Sections were counterstained with
hematoxylin. (A) Quantification of DCX showed a significant increase in positive nuclei in PDGFB-
overexpressing compared to NF1-silenced mHGG. (B) Quantification of CD44, showed a
significant increase in positive area in NF1-silenced mHGG. In the dentate gyrus (DG), new

neurons showed positive staining for DCX and were used as a positive control for staining. Analysis



was performed with unpaired, two-tailed Student’s t-tests. Welch’s correction was performed for

samples with unequal variance as determined by an F-test. Scale bars = 100 pm. *P<0.05.
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Figure 2.10. Murine tumor quantitative-PCR analysis. Illustrations of quantitative-PCR

comparison of gene expression in PDGEFB-overexpressing, NF1-silenced, and EGFRvIII mHGG

(N=7 per group). One-way ANOVA, *P<(.05, **P<0.01, **P<0.001, ****+P<0.0001.
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Figure 2.11. Human tumor gene expression analysis. Illustrations of the U133 Microarray data

for genes differentially expressed between human glioblastoma subtypes (PN: N=87, MES: N=137,

and CL: N=128). One-way ANOVA, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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To analyze the clustering tendencies of the murine tumors, I first calculated a distance matrix
and visualized the result (Figure 2.12A). This analysis revealed that the murine tumor samples
displayed greatest similarity with other tumors generated with the same driver mutations as expected.
Hierarchical clustering (Figure 2.12B) further confirmed these results by displaying that murine
tumors with the same driver mutations cluster together with unsupervised hierarchical clustering
based on their expression of the 30-gene quantitative-PCR panel that I employed. To validate that
this panel is capable of clustering not only the murine tumors, but also the corresponding human
subtypes, I accessed U133 Microarray data from TCGA for all 30 genes for samples of each human
subtype with all G-CIMP positive samples excluded. Principal component analysis on both the
murine quantitative-PCR data (Figure 2.12C) and human U133 Microarray data (Figure 2.12D)
demonstrated the ability of this panel to cluster the tumors. To more effectively visualize the data
presented in Figures 2.10 and 2.11, I generated a heatmap for the gene expression results and
showed that the murine tumors and their corresponding human subtypes display similar expression

of the 30 genes analyzed in this panel (Figure 2.12E/F).
Genetic driver mutations determine the microenvironmental composition of murine HGG

Considering the differences in expression profile between the murine models and their
human counterparts, particularly with respect to .4sf7 expression, I was next interested in how
different tumor driver mutations would affect the composition of the tumor microenvironment.
Non-neoplastic cells in the tumor form the tumor microenvironment and can consist of various

infiltrating and resident immune cells, the cells that comprise the vasculature, and other glial cell

%, Aifl, a gene 1 found in my analysis to be differentially regulated amongst the murine models

types
and human glioblastoma subtypes, encodes for the protein IBA1 which is a marker of

26

macrophages ! TAMs are known to be the most abundant non-neoplastic cell type in
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Figure 2.12. Human tumor subtype expression data and the corresponding mouse models
cluster similarly based on a 30-gene panel. (A) A distance matrix of murine tumor expression
data (N=7 per group). (B) Hierarchical clustering of murine tumor expression data (N=7 per group).
(C) PCA clustering of murine tumor expression data (N=7 per group) and (D) human tumor
expression data (PN: N=87, MES: N=137, and CL: N=128). (E) A heatmap of gene expression data
for murine tumors (N=7 per group) and (F) human tumors (PN: N=87, MES: N=137, and CL.:

N=128).
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glioblastoma and can make up more than 30% of the tumor mass'***. I demonstrated that TAMs in
glioblastoma come in two flavors, brain resident MG as well as BMDM”. To assess macrophages
using immunohistochemistry, I probed for the marker IBA1 in tissue samples from PDGEFB-
overexpressing and NF1-silenced mHGG and determined IBA1-positive area. The NF1-silenced
tumors were demonstrated to have a significantly higher IBA1-positive area than their PDGFB-
overexpressing counterparts (Figure 2.13A). These results are in line with correlative data from
TCGA and the Gene Expression Omnibus databases, which have displayed an enrichment in TAM-

associated genes in the Mesnechymal subtype*”

. Furthermore, I recently published similar subtype-
specific expression of IBA1 in human tumors®”. In total, these results suggest that TAMs may play a

subtype-specific role in glioblastoma. Furthermore, my murine data suggest that genetic alterations

in tumor cells can alter the immune cell composition of the tumor.

I next turned my attention towards the differences in the vasculature between the PDGFB-
overexpressing and NF1-silenced models. Tumors were stained for the endothelial cell-specific
marker CD31 and average vessel size was quantified. This analysis displayed significantly larger
vessels in the PDGEB-overexpressing tumors (Figure 2.13B). The vessels in NF1-silenced mHGG
were shown to be more evenly distributed and smaller. These data suggest that major genetic drivers
can also impact the architecture of the tumor vasculature. Since I observed larger vessels in the
PDGEB-overexpressing tumors, I wondered if the functionality of the vessels was altered.
Therefore, I assessed blood vessel permeability with a Hoechst dye leakage assay and identified
functional vessels by labeling with intravenously-administered FITC-lectin (Figure 2.14). Consistent
with the CD31 staining (Figure 2.13B), vasculature in PDGEFB-overexpressing tumors was shown
to be disorganized and enlarged with this assay. There was no statistically significant difference in

total vessel area observed with this assay; however, the area occupied by Hoechst dye,
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Figure 2.13. NF1-silenced murine HGG exhibits increased tumor-associated macrophage
infiltration and reduced vessel size compared to PDGFB-overexpressing murine HGG.
Representative images of immunohistochemistry for (A) IBA1 (N=6 for both groups) and (B) CD31
(N=7 for PDGFB-overexpressing and N=6 for NF1-silenced) staining of PDGFB-overexpressing
and NF1-silenced mHGG. Sections were counterstained with hematoxylin. (A) Quantification of
IBA1 showed significantly increased positive area in NF1-silenced mHGG. (B) CD31 staining

showed smaller vessels in NF1-silenced mHGG compared to PDGFB-driven mHGG. Analysis was
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performed with unpaired, two-tailed Student’s t-tests. Welch’s correction was performed for samples

with unequal variance as determined by an F-test. Scale bars = 100 um. **P<0.01, **P<0.001.
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Fig 2.14. Blood vessels in PDGFB-overexpressing murine HGG are larger and more
permeable than those in NF1-silenced murine HGG. (A) Representative images of vessel
functionality and permeability assessments with FITC-conjugated lectin and Hoechst dye injections
in PDGFB-overexpressing and NF1-silenced mHGG. The corresponding quantification of vessel
area and Hoechst-positive area are shown. Scale bar = 50 pm. (B) Arbitrary fluorescent intensities of
either Hoechst or FITC-lectin were measured along defined lines and plotted against the length of
the lines. Scale bar = 25 pm. Analysis was performed with unpaired, two-tailed Student’s t-tests.

**+P<0.01.
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which is indicative of vessel leakage, was significantly higher in PDGFB-overexpressing mHGG.
This indicates that the BBB is disrupted in PDGFB-overexpressing mHGG, but not significantly
NF1-silenced mHGG. The line profile (Figure 2.14B) clearly illustrates this phenomenon with the
analysis of Hoechst dye intensity. In NF1-silenced tumors, the Hoechst dye is shown to be confined
to the vessel walls whereas it freely diffuses around the vessels and into the tumor parenchyma in
PDGEB-overexpressing tumors. In non-tumor tissue from the same brains analyzed in this assay,
the vessels were demonstrated to be normal with respect to their functionality, size, and distribution
(Figure 2.15). Additionally, no Hoechst dye leakage was observed in the non-tumor regions of

brains from mice bearing either tumor type.
Subtype-specific preclinical therapentic analysis

Once these model systems were validated as similar to their human counterparts with respect
to expression profile and microenvironmental composition, I chose to use them to assess the
efficacy of various drug treatment regimens preclinically. First, I chose to analyze the sensitivity of
PDGEFB-overexpressing and NF1-silenced mHGG to radiation therapy (RT) as well as TMZ
treatment as these are currently the standard of care for human glioblastoma patients'*’. Using a
calculation for dose translation from human to mouse, I determined that the standard human dose
of 75 mg/m?* of TMZ corresponds to 25 mg/kg in mice. For RT, I determined that the standard 60
Gy of radiation in humans corresponds to 20 Gy in mice. To match the RT administration scheme, I
chose to administer as 2 Gy per day in a five day on, two day off cycle as performed with human
patients. Since various doses of TMZ have been used in the literature preclinically, I first assessed
whether escalating the dose of TMZ would increase the effect on median survival of PDGFB-
overexpressing mHGG. I utilized T2-weighted MRI to distribute size-matched tumors into 25

me/ke and 100 mg/ke treatment groups with endpoint survival time as the experimental
g/ Kg g/ Kg group P P
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Figure 2.15. Non-tumor regions of brains from both PDGFB-overexpressing and NF1-

silenced murine HGG-bearing mice display normal vasculature. The non-tumor areas of
brains from both models indicate normal, non-permeable blood vessels as assessed by Hoechst dye

and FITC- lectin injections. Scale bar = 50 pm.
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readout (Figure 2.16). This experiment demonstrated no difference in median survival time between

the two treatment regimens.

Since the PDGFB-overexpressing tumors occur mainly within a defined time period, and
T2-weighted MRI was demonstrated as efficacious in sorting mice into treatment groups, I again
employed this methodology to sort mice into vehicle, TMZ, and RT treatment groups (Figure
2.17B). NF1-silenced tumor-bearing mice were randomly assigned treatment groups, but age and sex
were matched. Mice were treated with the indicated regimens of vehicle, TMZ, and RT (Figure
2.17A) and survival time post-treatment was documented. This analysis illustrated that PDGFB-
overexpressing tumors display sensitivity to both TMZ and RT treatment (Figure 2.17C). Between
the two therapies, RT extends median survival more than TMZ. NF1-silenced tumors also displayed
marked sensitivity to RT; however, these tumors were demonstrated to have no response to TMZ at
the dose and schedule tested (Figure 2.17D). NF1-silenced tumors were also demonstrated to

exhibit an increase in grade IV malignancy following TMZ or RT treatment (Figure 2.18).

Previous literature has demonstrated that expression of MGMT is associated with resistance
to TMZ treatment™. Therefore, I assessed the expression levels of MGMT in PDGFB-
overexpressing and NF1-silenced mHGG with quantitative-PCR (Figure 2.4). Additionally, I
queried TCGA database and compared MGMT expression between Proneural and Mesenchymal
hHGG as well as PDGFRA-amplified and NF1-deleted/mutant hHGG (Figure 2.5 and 2.6).
Analysis of the murine quantitative-PCR data demonstrated no significant difference between the
two groups. The human data demonstrated significantly higher expression of MGMT in MES and
NF1-deleted/mutant hHGG compared to PN and PDGFRA-amplified hHGG, respectively.
Considering the lack of a significant change in the murine samples I analyzed, this pathway likely

does not confer the TMZ-resistance seen in NF1-silenced mHGG.
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Figure 2.16. Commonly used doses and schedules of TMZ produce no difference in survival
of PDGFB-overexpressing murine HGG. (A) Treatment schedule for the 25 mg/kg and 100
mg/kg doses of TMZ. (B) 4 weeks post-injection, mice with PDGFB-overexpressing mHGG were
separated into 25mg/kg and 100mg/kg TMZ treatment groups with matched sex, age, and average
tumor size as measured by T2-weighted MRI. (C) Kaplan-Meier survival curves for the treatment
groups showing no difference in survival time when treated with 25mg/kg and 100mg/kg doses.

Analysis performed with a log-rank (Mantel-Cox) test.
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Figure 2.17. Radiotherapy provides a survival advantage to mice with either PDGFB-

overexpressing or NF1-silenced murine HGG, while temozolomide provides a survival

advantage only to mice with PDGFB-overexpressing tumors. (A) Schematic illustrations of

treatment paradigms and groups. (B) Four weeks post-injection, mice with PDGFB-overexpressing

tumors were separated into treatment groups with matched sex, age, and average tumor size as

measured by T2-weighted MRI. Similarly, mice with NF1-silenced tumors were randomized into

vehicle, TMZ, and RT treatment cohorts 8 weeks post-injection with age and sex equally distributed.

(C) Kaplan-Meier survival curves for the different treatment groups for PDGFB-overexpressing



mHGG. (D) Kaplan-Meier survival curves for the different treatment groups for NF1-silenced

mHGG. Analysis was performed with a log-rank (Mantel-Cox) test. **P<0.01, ****P<(0.0001.

77



78

100 =
Ml Glioblastoma
[ Anaplastic Astrocytoma
(4]
(o]
S
c
S 50+
o
S
(]
o
0

Vehicle TMZ RT

Treatment

Figure 2.18. NF1-silenced murine HGG displays a trend towards increased malignancy
upon recurrence. Mice bearing NF1-silenced tumors were treated with either vehicle (N=6), TMZ
(N=6), or RT (N=8). Hematoxylin and eosin stained tissue samples were analyzed post-treatment. A

trend towards increased malignancy was observed (P=0.3782). Fisher’s exact test used for analysis.
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Considering the advent of immunotherapy in glioblastoma, I decided to test the sensitivity of
the models to PD-L1 neutralizing therapy with and without concomitant RT according to the
indicated treatment regimens (Figure 2.19A)*". I first treated mice bearing PDGFB-overexpressing
tumors with isotype control or PD-L1 neutralizing antibody with or without concomitant RT
(Figure 2.19B). This experiment confirmed the previous results that RT extends median survival.
Moreover, it demonstrated that PD-1.1 neutralization does not extend median survival with or
without concomitant RT (Figure 2.19B). For NF1-silenced tumors, I assessed the ability of PD-L1
neutralization to extend median survival only in combination with RT. Similar to the results with
PDGFB-overexpressing tumors, no increase in median survival following PD-L1 neutralization was
observed compared to isotype control (Figure 2.19C). These results are in line with the response to

PD-L1 neutralization observed in glioblastoma patients clinically”"*.

2.4 Discussion

The arrival of genomic level molecular biology and its applications to the study of brain
tumors has established that multiple different subcategories reside under the umbrella term
glioblastoma. Initial investigations subcategorized these tumors into four groups based on
expression profiling, but recent analysis has trimmed the number to three robust groups; each of
which displays a unique expression profile and presence of tumor-defining mutations®”">. Further
studies employing single-cell RNA sequencing as well as studies analyzing the expression profiles of
tumors before and after treatment have established that individual cells harboring expression profiles
of each subtype can coexist within the same tumor and that glioblastoma can switch from one
subtype to another under the selection pressure of certain therapies®*. To investigate these
phenomena preclinically, it is vital that subtype specific models are generated, validated, and openly

provided to the field. In order to address the generation and validation of subtype-specific
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Figure 2.19. Murine PDGFB-overexpressing and NF1-silenced tumors do not respond to
PD-L1 neutralizing therapy. (A) A schematic illustration of the experimental protocol. (B)
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irradiation (N=8), and PD-L1 neutralizing antibody plus x-ray irradiation (N=9). (C) Survival curves
comparing mice bearing NF1-silenced tumors treated with isotype control antibody plus x-ray
irradiation (N=7) and PD-L1 neutralizing antibody plus x-ray irradiation (N=06). Mantel-Cox (MC)

and Gehan-Breslow-Wilcoxon (GBW) tests, ns=not significant, ***P<0.001, ****P<(0.0001.



82

preclinical models of glioblastoma I utilized the previously established RCAS/#-a system to deliver
precise oncogenic driver mutations to Nestin-positive cells of adult mice. To properly model each
subtype with specific driver mutations, I queried TCGA database and elucidated that Proneural,
Mesenchymal, and Classical h(HGG are defined by alterations in the PDGF, NF1, and EGFR
pathways respectively. Therefore, I designed murine models based on PDGEB-overexpression,
NF1-silencing, and induced expression of the constitutively active mutant EGFRVIIIL. I then utilized
a series of RNA and protein expression assays to compare the murine tumors to one another as well
as to their human counterparts to validate their similarities with respect to baseline expression
profile. Finally, I assessed the response of these tumors to therapy to elucidate if the models could
detect differences between the different subtype models and determine if these alterations provide
information that could inform clinical practice. Overall, the PDGFB-overexpressing, NF1-silenced,
and EGFRvIII murine models will allow investigators to scrutinize the role that these mutations
play in determining the response to therapy, thereby improving the ability to develop and utilize

precision therapeutics.

Single-cell RNA sequencing has suggested that the clinical outcome of Proneural
glioblastoma is influenced by the presence of cancer cells of alternate subtypes within the tumor™.
Clinically, the transition of tumors from the Proneural to Mesenchymal subtype has been observed
in response to both radiation and anti-angiogenic therapy”**®. It is yet unclear what the precise
mechanism of this process entails, and multiple hypotheses have been presented. One mechanism
involves the elimination of sensitive Proneural cells and the presence of resistant Mesenchymal cells
within the tumor. In this case, therapies that exert a selective pressure on Proneural cells will change
the overall subtype of the tumor by eliminating this population and allowing the Mesenchymal
population to take over. Alternatively, it is possible that the expression profile of individual cells is

altered by tumor treatment. Analysis of single-cell expression profiles before and after treatment
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would provide an avenue for assessing the mechanism directly. Furthermore, this would elucidate
whether Proneural glioblastoma is able and likely to acquire NF1 mutations during the transition to
Mesenchymal glioblastoma. Utilization of the PDGEB-overexpressing and NF1-silenced models
presented here in conjunction with preclinical therapeutic administration and single-cell or whole
tumor RNA sequencing will allow for these questions to be addressed directly. Furthermore, analysis
of these models in future experiments will display what role genetic driver mutations play in
determining the overall phenotype of the tumor as well as the expression of tumor- and stroma-

specific markers.

In this work, I also determined the influence of location of injection on the tumorigenic
potential of the genetic driver mutations. I showed that delivery of RCAS PDGFB can generate
tumors when injected in either striatum, the subventricular zone, or the cerebellum. Typically, these
tumors spread throughout the frontal lobe and into the olfactory bulb, likely following the rostral
migratory stream as demonstrated in human gliomas®. Previously, I demonstrated that PDGFB-
overexpressing tumors do not display different incidence, latency, or mortality when generated in

different locations®"!

. By contrast, both NF1-silenced and EGFRvVIII tumors only formed when
RCAS viruses were injected into the subventricular zone. These tumors occurred with similar
incidence and progression to the PDGFB-overexpressing tumors, but with significantly increased
latency following injection. In total, these data imply that the cell of origin may differ between the
PDGEFB-overexpressing tumors and the other two models. In particular, the subventricular zone

may provide either a cellular niche or cell type that is a necessity for NF1-silenced and EGFRvIII

tumor generation.

The subventricular zone is a region of the brain known to house neuroblasts, precursor cells,

266

astrocytes, and ependymal cells™. The typical cells known to express Nestin in the subventricular
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zone are neural stem and progenitor cells®®’

. Therefore, it is plausible to propose that these cells may
be the cell of origin for NF1-silenced and EGFRvIII tumors since #-a, the prerequisite gene for
RCAS infection, is under control of the Nestin promoter. In addition to neural precursor cells,
reactive astrocytes have demonstrated the ability to upregulate Nestin in response to injury”®. Since
these models employ stereotactic injection of RCAS, producing injury at the site of tumor
generation is unavoidable and likely capable of generating reactive astrocytes. Upon upregulation of
Nestin, these cells gain the ability to be transformed by the RCAS virus. It is possible that any
injections outside of the subventricular zone generate these reactive astrocytes that are consequently
transformed by the RCAS viruses. The ability of only RCAS PDGFEB to generate tumors in these
cells likely stems from the fact that expression of PDGFEB by these cells wont only alter the cells
themselves, but also the surrounding cells through paracrine actions of the growth factor. NF1-
silencing and induction of EGFRVIII by RCAS injection only alter the growth characteristics of the
infected cells and may not be as powerful in inducing tumor growth in otherwise non-proliferative
cells. Overall, these results are intriguing considering that it has been demonstrated that a different
cell of origin, even when the same genetic driver mutation is employed, changes the expression
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profile and drug sensitivity of the resulting tumor™". This factor may partially explain differences in

drug sensitivity that I observed in my experiments.

Direct comparison of PDGEFB-overexpressing and NF1-silenced murine tumors with
quantitative-PCR and evaluation of the similarities with their human counterparts demonstrated that
these models accurately recapitulate the overall tumor expression profile observed in subtype-
stratified human patients. Addition of the EGFRvIII model to this analysis further confirmed my
conclusions and displayed that all three of the subtype specific murine models cluster most closely
with the other tumors with the same driver mutation. This clustering tendency closely mirrored what

was observed when analyzing human tumors annotated with subtype. Overall, these experiments
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validated that on the gene expression level, the subtype-specific murine models closely recapitulate

what is observed in human tumors.

I additionally used histology to validate the PDGFB-overexpressing and NF1-silenced
tumors. The markers OLIG2 and DCX were previously demonstrated to be upregulated in
Proneural hRHGG>”. T recapitulated this phenotype in the murine models by demonstrating an
enrichment in these markers in PDGEFB-overexpressing tumors when compared to NF1-silenced
tumors. The markers GFAP and CD44 have been shown to be expressed most highly in
Mesenchymal hHHGG>**. When I compared the expression of these markers between PDGFB-
overexpressing and NF1-silenced mHGG with immunohistochemistry, I saw the highest expression
in the NF1-silenced tumors as expected. Finally, my immunohistochemical analyses of the stromal
cell markers CD31 and IBA1 demonstrated the ability of driver mutations to influence the
composition of the tumor microenvironment. Direct comparison of PDGFB-overexpressing and
NF1-silenced tumors showed significantly higher levels of IBA1-positive cells in NF1-silenced
tumors. PDGIB-overexpressing tumors were shown to have more irregular vasculature than NF1-
silenced tumors based on CD31 staining. Functional assessment of the vasculature with a Hoechst
dye and FITC-lectin assay confirmed that the vessels are not only irregular in appearance, but also in
function. The PDGFB-overexpressing tumors have increased vascular permeability when compared
to NF1-silenced tumors. Together, these results suggest that genetic driver mutations and cell of
origin are significant contributors to the inter- and intra-tumoral heterogeneity observed in

glioblastoma.

Finally, I turned my investigation towards the utilization of these models for the assessment
of preclinical therapies. First, I aimed to establish the response of each model to standard of care

TMZ and RT therapy. TMZ in combination with RT has been shown to provide survival benefit in
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human glioblastoma patients and now comprises the standard of care'"’

. Further analysis has
demonstrated that roughly half of glioblastoma patients to not respond to TMZ. In fact, about half
of patients display expression of the DNA damage repair enzyme MGMT and these patients have
been shown not to respond to TMZ treatment™. High MGMT expression has also been shown to
confer TMZ resistance in patient-derived cell lines and xenografts”. In PDGFB-overexpressing
tumors generated with RCAS, it has also been demonstrated that a subset of stem-like cells
expresses higher levels of MGMT and are more resistant than non-stem-like cells to TMZ therapy”’".
Here, I demonstrated that TMZ is only capable of extending median survival in PDGFB-
overexpressing tumors but not NF1-silenced tumors. Both tumor types were shown to be sensitive
to RT. No significant differences in MGMT expression between the two murine models was
observed. Significantly higher expression of MGMT was shown in Mesenchymal and NF1-
deleted/mutant tumors when compared to Proneural and PDGFRA-amplified tumors respectively.
It should be noted that other DNA repair enzymes can alter response to TMZ, including MSH6".

Expression of these enzymes was not analyzed in this work but offers an interesting avenue for

future investigation.

Apart from MGMT expression, there are two other explanations that could account for the
differences in sensitivity to TMZ observed between the PDGFB-overexpressing and NF1-silenced
tumors. First, I demonstrated noted alterations in both the vasculature and immune
microenvironment between the two tumors. Although TMZ is highly bioavailable and able to pass
freely through the BBB, it is possible that the significant disruption of the BBB in PDGFB-
overexpressing tumors allowed for locally higher concentrations of TMZ around disrupted

vasculature®”

. This increased accumulation of the drug could partially explain the increased efficacy
observed in this model. Additionally, the PDGFB-overexpressing tumors were shown to have

significantly lower amounts of TAMs. The relationship between TAMs and treatment resistance has
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been established and it is plausible to believe that the increased amount of these cells in NF1-
silenced tumors contributes to their resistance to TMZ'". The second explanation for the TMZ,
resistance observed in NF1-silenced tumors results from the intrinsic characteristics of the tumor
cells. It has been shown that oligodendroglioma cells are more sensitive to TMZ than astrocytoma-
like glioma cells*™. Since the OLIG?2 staining presented here illustrated an oligodendroglial
phenotype in the PDGFB-overexpressing tumors, and the GFAP staining and tumor grading
illustrated an astrocytoma character in the NF1-silenced tumors, this point may account for some of

the difference observed in TMZ response in the models.

The immunocompetent background of the mice used to generate these models provides the
opportunity to preclinically analyze immunotherapeutic strategies. Of late, immunotherapy has come
to the forefront of glioblastoma clinical trials with numerous immune checkpoint blockade therapies
cutrently under investigation®>*'**">. Of these, only PD-1 neutralization has shown significant
benefit with respect to extension of median survival. To further validate the models and
demonstrate their utility in analysis of immunotherapy, I chose to assess the response to PD-L1
neutralizing therapy either alone or in combination with radiation in the PDGFB-overexpressing
murine tumors. Additionally, I interrogated the efficacy of combined PD-L1 neutralization and
radiation in the NF1-silenced model. In both experiments, PD-L1 neutralization was not shown to
confer a significant survival advantage when compared to isotype control antibody administration.
The mechanism of this resistance is still unclear, but there are explanations that deserve future

investigation.

It is possible that PD-L1 neutralization is ineffective at extending median survival in
glioblastoma. Crossing the N#v-a mice with Pd/1”" mice and comparing the difference in survival

between tumor-bearing N#v-a/ Pd/1** and N#v-a/Pd/1”" mice would demonstrate if PD-L1
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neutralization is efficacious in extending median survival. Perhaps the distribution of the PD-L1
neutralizing antibody is insufficient to effectively inhibit the interaction of PD-1 and PD-L1 in the
tumor. Additionally, I chose to use the recommended dose of PD-L1 neutralizing antibody
suggested by the manufacturer. It is possible that this dose is too low to observe an effect in this
model. Observation of an extension in median survival in mice with PD-L1 genetically ablated
would suggest that either or both factors contribute to the lack of response to PD-L1 neutralizing

therapy.

In total, PDGEB-overexpressing, NF1-silenced, and EGFRvIII murine HGG models offer
exceptional tools for the evaluation of subtype-specific phenomena as well as preclinical
pharmaceutical analysis and development. MRI techniques further complement these models,
allowing for non-invasive monitoring of therapeutic response, tumor initiation, and tumor
progression in a clinically relevant manner. These models allow for the assessment of the effects of
tumor location, genetic driver mutations, stromal composition, and the mechanism of the Proneural
to Mesenchymal switch. Furthermore, the tunability of the genetic mutations utilized for tumor
generation, as well as the ability to extract, dissociate, and culture tumor cells generated with these
models, will allow for the generation of a library of mouse tumor cell lines that can be employed for
syngeneic studies. Due to the immunocompetent background of these mice, these models provide
perhaps the most useful tool for the assessment and development of immunotherapy in
glioblastoma. In the future, I hope that these models will provide a method for the development of

individualized, targeted therapies and will accelerate their progression into clinical trials.
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Chapter 3: The Role of Interleukin-1 in the Formation of Glioblastoma-Associated Cerebral

Edema'

'Portions of this chapter were adapted from the published manuscript: Herting CJ, Chen Z,
Maximov V, Duffy A, Szulzewsky F, Shayakhmetov DM, Hambardzumyan D. Tumour-associated
macrophage-derived interleukin-1 mediates glioblastoma-associated cerebral oedema. Brain. 2019.

Epub 2019/10/31. doi: 10.1093/brain/awz331. PubMed PMID: 31665239.
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3.1 Introduction

Pharmacological interventions in glioblastoma are multi-faceted and must consider not only
how to most effectively combat the tumor, but also how to manage detrimental symptoms
associated with progression of the disease. In Chapter 1, it was discussed that many patients afflicted
with glioblastoma are susceptible to development of epilepsy and that this condition is frequently
managed with anti-convulsant compounds or drugs that manage extra-tumoral mass effect in the
form of cerebral edema'. In this portion of the project, I strove to identify and validate a novel
therapeutic target for the management of glioblastoma-associated cerebral edema. The major driving
force behind this work was the recent discovery that glioblastoma patients who receive the
corticosteroid dexamethasone to manage their cerebral edema have reduced response to the anti-
neoplastic therapies employed to combat the tumor and have a worse overall prognosis'”. These
results, among others, emphasized that a novel therapeutic approach is needed, and I hypothesized
that using the validated mouse models from Chapter 2, I possessed a prime tool to address this

problem.

In patients afflicted with glioblastoma, the development of glioblastoma-associated cerebral
edema is almost universal and most frequently is managed with the corticosteroid dexamethasone”.
Dexamethasone has been the gold standard for treatment of cerebral edema since its introduction by
researchers at the University of Minnesota in the early 1960’s™. During these initial trials,
corticosteroids were a relatively novel class of drugs and their potent anti-inflammatory effects were
only just being defined. Additionally, MRI had not yet been established as a technique, so
researchers resorted to x-ray angiography to define the effects of anti-inflammatory compounds in
the context of brain tumors. During these initial studies, patients who were displaying clear signs of

tumor burden, including hemiplegia, stupor, and severe headaches were treated with a bolus dose of
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10-40mg of dexamethasone intramuscularly followed by oral maintenance of 4mg every 6 hours.
Remarkably, 13 out of 14 patients enrolled in this study displayed a positive response to
dexamethasone treatment. Their symptoms resolved within 24 hours of starting the treatment and
the position of their midline cerebral artery returned to normal, indicating a reduction in the mass
effect of their tumors. Within a few days, the patients returned to a relatively normal life until the
tumor progressed to a point that the symptoms returned, and the patients succumbed to the disease.
All-in-all, the results of this study were a groundbreaking achievement for the management of
cerebral edema, and dexamethasone administration became standard practice. In fact, this discovery
was recently hailed as one of the greatest contributions to the history of neurosurgery”’**”". Although
particularly efficacious for acute management of cerebral edema, time has uncovered a variety of
significant drawbacks associated with prolonged use of dexamethasone and particularly alarming

interactions in the context of glioblastoma.

Since their introduction, side-effects of glucocorticoid therapy, including abnormal fat
deposition, amenorrhea, myopathy, mental excitement, and hyperglycemia have been well
documented®”™. Initial trials of dexamethasone therapy for the management of cerebral edema
additionally encountered the difficulties in weaning patients off of the drug due to suppression of

21 Uncertainties

the production of endogenous glucocorticoids cause by prolonged administration
surrounding the proper dosing schedule were also uncovered during these trials, a caveat of
dexamethasone therapy that has yet to be conclusively resolved***. In fact, the recent sentiment in
the field appears to be that less is more in the utilization of corticosteroids for the management of
edema in glioblastoma and prominent names in the field are stressing that the use should be

restricted as much as possible280

. This opinion stems from the recent work that has elucidated the
severe impact of dexamethasone on anti-neoplastic therapies and patient outcomes in the context of

glioblastoma.
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It has been demonstrated through retrospective analysis of human patient data in
glioblastoma that even when stratified for confounding variables such as Karnofsky performance
score, age, and treatment, patients that receive dexamethasone have decreased median survival when
compared to those that do not receive it'”%. These results were replicated in an RCAS PDGFB-
overexpressing murine model where it was shown that dexamethasone directly interferes with the
efficacy of radiotherapy that is employed to combat tumor growth'”. Further human studies have
demonstrated that a dexamethasone-associated gene signature predicts poor prognosis in human

patients™'

. The detrimental effects of dexamethasone have been shown to be dose-responsive with
maximal treatment interference and worse prognosis occurring in patients receiving the highest daily
doses of dexamethasone®. With respect to the burgeoning field of immunotherapy in glioblastoma,
dexamethasone has been shown to exert profound immunosuppressive effects and must be
considered as these therapies are developed and deployed®***. Considering the noted quality of life
benefit afforded by dexamethasone therapy and the significant drawbacks associated with its use, I

strove to identify a therapeutic target that could phenocopy the beneficial effects of dexamethasone

while eliminating the off-target and detrimental effects.

The underpinnings of cerebral edema were initially uncovered and described in the late
1700’s and early 1800’s. During this time, researchers correctly hypothesized that cerebral edema
results from extravasation of fluids from leaky vasculature into the brain®**®. In the early 1920’s it
was established that cerebral edema and brain swelling are distinct entities with the former

286

producing a wet brain and the latter a dry brain®®. A connection between edema and brain swelling

was never conclusively established. In the 1960’s, it was determined that the mechanistic
pathophysiology of edema was a result of exudation of plasma from the circulation into the tissue as

287

a result of damaged vasculature™'. This process was hence termed “vasogenic edema” and further

research established that dexamethasone specifically reduces the formation of cerebral edema in
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glioblastoma by decreasing the permeability of the vessels that comprise the BBB***!. The exact
cellular and molecular mechanism of action that underlies this effect has remained elusive and is yet

undefined.

In the context of brain tumors, it has been suggested that the mechanism of action of
dexamethasone stems from its suppression of the production of VEGF — also known as vascular
permeability factor — by the tumor™?. Analysis of human tumor samples with microarray has
disputed this hypothesis and illustrated no relationship between dexamethasone use and VEGF

expression in malignant gliornas”3

. The relationship between dexamethasone and VEGF has been
further obscured by results indicating that specific inhibition of VEGF signaling with small molecule
or antibody therapy is capable of mimicking the anti-edema effect observed following
dexamethasone treatment' ™', With these results in mind, I strove to provide clarity regarding the
relationship between VEGF production and dexamethasone treatment using the murine models.
Moreover, I aimed to identify a specific downstream target of dexamethasone that could be
specifically inhibited to provide the anti-edema effects of the drug without the inhibition of anti-
neoplastic therapy observed with dexamethasone treatment. Ultimately, these investigations lead me

to the IL-1 family of cytokines, and I chose to interrogate specific inhibition of IL-1 as an alternative

to dexamethasone for the management of edema in the PDGFB-overexpressing mouse model.

The IL-1 family of cytokines were originally discovered by researchers interested in areas
ranging from physiology and metabolism to immunology and cancer; each of whom ascribed the
cytokines with unique names such as endogenous pyrogen, lymphocyte activating factor, and
mononuclear cell factor™. It wasn’t until the 1980’s that the founding members of this family, IL.-1a
and IL-1B, were cloned, named, and their molecular structures and characteristics were

established™”. It is now known that I1.-1o and 11.-1B both signal through the same receptor (IL-1R1)
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although with different potencies”(’

. The two cytokines are also now known to be produced by
different cell types and in response to different cellular events. IL-1a is produced in its active form
in nearly all cells and is secreted as an alarmin following extensive cell damage or cell death™”. TI.-1§3
is synthesized in a pro-form and must be cleaved by the NLRP3 inflammasome, that is specific to
macrophages, prior to secretion®. IL-18 is frequently cleaved and secreted when macrophages
encounter pathogens or damage-associated alarmins®”. In glioblastoma, TAMs ate the largest non-
neoplastic cell type, constituting over 30% of the tumor bulk, and contributing significantly to tumor
progression and treatment resistance'’. In the PDGFB-overexpressing murine model, the tumot-
associated macrophage population has been shown to encompass both MG as well as BMDM from
the circulation”. RNA-sequencing from these tumors suggests that BMDM in the tumor produce
significant amounts of IL-13, but this has not been validated experimentally. Considering the
prevalence of tumor-associated macrophages in glioblastoma as well as their purported propensity to

produce IL-183, I considered investigation of IL-1 signaling in glioblastoma as a promising avenue of

investigation.

Dexamethasone has been shown to have significant effects on cytokine production in the

context of glioblastoma”’oo

. Research on the role of IL-1 signaling in neuroinflammatory conditions
such as multiple sclerosis, Alzheimer’s, and Parkinson’s has linked IL-1 signaling to disruption of the
BBB™'"". In the context of traumatic brain injury, specific IL-1B inhibition has shown the ability to

reduce edema formation®”

. These studies, coupled with my eatly data linking IL.-1 signaling
inhibition and dexamethasone in BMDM, kindled my interest in macrophage-derived I1.-1 acting as
a driver of edema formation in glioblastoma. My overarching hypothesis was that dexamethasone
inhibits the production of IL.-1 cytokines in the context of TAMs in glioblastoma and that this effect

partially drives the beneficial results observed with dexamethasone-based management of edema in

glioblastoma.
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The data presented herein illustrate that dexamethasone inhibits the production of IL-1
cytokines in the context of tumor-associated macrophages in glioblastoma and they further suggest
that specific inhibition of IL-1 signaling would provide a therapeutic effect similar to
dexamethasone. I found that dexamethasone prevents IL.-1 production and dampens 1L.-1 signaling
in primary murine BMDM and MG. Similar results were observed in an ex »ivo system where
organotypic tumor slices and BMDM or MG were co-cultured. A reduction in I/72 and I/76 mRNA
was observed in tumor tissue from dexamethasone-treated tumor-bearing mice. Infiltration of
myeloid and lymphoid cells from the blood was impaired in murine tumors following
dexamethasone administration. A similar reduction of myeloid cell chemotaxis was also observed in
Ntv-a/ 11171 mice with flow cytometry and immunohistochemistry. Ablation of I1.-1R1 7z ivo
resulted in decrease vessel leakage as measured by a Hoechst dye-based assay. Genetic loss of 11.-1
ligands resulted in decreased edema as measured by MRI, serial histology, and a methodology
analyzing wet/dry tissue weight. The results presented here demonstrate that dexamethasone
broadly impairs the function of the immune system, a phenomenon that warrants further
investigation in the light of recent advances in glioblastoma immunotherapy. The complete impacts
of IL-1 inhibition on immune function remain largely undefined outside of myeloid cell chemotaxis
and also merit further examination. Finally, by using genetic and pharmacological approaches, I
demonstrate that targeting II.-1 signaling does not compromise efficacy of radiation therapy in
tumor-bearing mice. These results suggest that specific IL-1 signaling inhibition may be a preferred

alternative to dexamethasone for the management of glioblastoma-associated cerebral edema.
3.2 Materials and Methods

Bone marrow-derived macrophage isolation and culture
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BMDM were isolated from 4-12-week-old C57BL/6 mice using modified established
protocol™. The mice were euthanized via CO» asphyxiation. The whole, intact femur and tibia were
stripped of muscle with sterile forceps and collected in sterile Dulbecco’s phosphate-buffered saline
(DPBS). Both ends of the bone were cut and the marrow was flushed into a clean petri dish using
DPBS supplemented with 4% BSA (ThermoFisher, 15260037), heparin (STEMCELL, #07980),
DNase I (Sigma-Aldrich, 11284932001), and penicillin/streptomycin (Fisher, SV30010). The
resulting mixture was briefly triturated and passed through a 70 um cell strainer. The cells were
plated in a 15 cm non-cell culture-treated plated for a six-day differentiation in 15 ml of DMEM
(ThermoFisher, 10569010) with 10% FBS (HyClone, SH30396.03) and 40 ng/ml of macrophage-
colony stimulating factor (M-CSF) (Peprotech, 315-02). An additional 15 ml of media with M-CSF
was added after day three. The cells were harvested for experimentation via 10-minute incubation in
DPBS with 5 mM EDTA on ice. Cells were plated in 6-well plates in 2 ml of culturing media with

M-CSF at a concentration of 20 ng/ml for experimentation.
Microglia isolation and culture

MG were isolated from p0-p3 pups using a modified established protocol”. Whole brains
wete extracted from p0-p3 C57BL/6 pups using sterile instruments, followed by three consecutive
washes in sterile DPBS. Brains were then digested in 0.5% trypsin (ThermoFisher, 15400054) and
DNasel (Sigma-Aldrich, 11284932001) followed by mechanical dissociation and filtration through a
70 um cell strainer. The filtrate was spun at low speed for two consecutive rounds in a centrifuge to
eliminate cellular debris and was then plated in flasks pre-coated with poly-D-lysine (Sigma-Aldrich,
P6407). The cells were plated in DMEM (ThermoFisher, 10569010) with 10% FBS (HyClone,
SH30396.03) and M-CSF (Peprotech, 315-02) at a concentration of 40 ng/ml. The cells grew until

astrocytes reached confluence on the bottom of the flask and MG were observed ballooning off the
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surface. During this time, additional M-CSF was periodically added. MG were collected by gently
rinsing the back of the flask with culturing media and were plated in 6-well plates in 2 ml of the

culturing media with M-CSF at a concentration of 40 ng/ml for experimentation.
Bone marrow-derived macrophage and microglia immunofluorescent validation

BMDM and MG were plated in 24-well plates on sterile coverslips and allowed to adhere
overnight. The cells were then briefly fixed in 4% paraformaldehyde (PFA), washed, and blocked.
The cells were stained for IBA1 (Wako) and visualized with donkey anti-rabbit Alexa Fluor 647nm
(Abcam, ab150075). Imaging was performed with Fluoview FV1000 confocal microscope

(Olympus).
Bone marrow-derived macrophage and microglia flow validation

BMDM and MG were isolated from Cx3er?™/ "/ Cer2*/®* mice as described. Following
isolation, an aliquot of cells was taken, and red blood cells were lysed in red blood cell (RBC) lysis
buffer (BioLegend, 420301). The remainder of the cells were differentiated as described. The aliquot
of cells was then washed, blocked, and stained with CD11b PerCP-Cy5.5 (BioLLegend, 101227). Cells
were analyzed on an LSRII flow cytometer and CD11b, CCR2, and CX3CR1 positivity were
quantified. This procedure was repeated with the remainder of the cells after culturing and

differentiation.
Bone marrow-derived macrophage and microglia stimulation

A three-hour starvation in FBS-deficient media was performed prior to stimulation with
100ng/ml lipopolysaccharide (LLPS) (Sigma Aldrich, 1.5293), 40ng/ml interferon gamma (IFNy)
(Peprotech, 315-05), 75 pM or 400 pM IL-1o (R&D, 400-ML-005/CF), ot 200 pM or 1 nM IL.-18

(R&D, 401-ML-005/CF). Six-hour incubations with the indicated stimulants were performed.
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Dexamethasone (Sigma-Aldrich, D4902) was included as a two-hour pretreatment at a dose of 5 uM
where indicated. Gallium nitrate (Sigma-Aldrich, 289892-5G) was included as a two-hour
pretreatment at a dose of 500 uM where indicated. Cells were treated with 5 mM ATP (Sigma,
A2383) for thirty minutes following the six-hour simulation to induce cytokine release as previously

described™®.
Bone marrow-derived macrophage and microglia apoptosis assa
4 4 7)

BMDM and MG were isolated and cultured as described. Cells were treated with vehicle
solution, dexamethasone (Sigma-Aldrich, D4902), or LPS (Sigma Aldrich, 1.5293) to induce
apoptosis. Following a six-hour incubation, cells were collected via trypsinization and allowed to rest
in culturing media for thirty minutes. The cells were then assessed with a propidium iodide and

annexin V apoptosis assay (ThermoFisher, V13242) according to the manufacturer’s protocol.
Quantitative-PCR analysis

RNA was isolated from cell cultures or snap-frozen tumor pieces using a RNeasy Lipid
Tissue Mini Kit (Qiagen, 74804) according to the manufacturer’s instructions. RNA quantity was
assessed with a NanoDrop 2000 spectrometer, while quality was confirmed via electrophoresis of
samples in a 1% bleach gel as previously described®*. Following RNA validation, cDNA synthesis
was performed with a First Strand Superscript IIT cDNA synthesis kit (ThermoFisher, 18080051)
according to the manufacturer’s instructions and with equal amounts of starting RNA. Quantitative-
PCR was performed with the validated BioRad PCR primers for murine I/7a, I/1b, 1 egfa, Aurka,
Cde20, Plk1, Cenpa, Cenbl, Kif2e, Cel2, Cel5, Cel7, Cel8, Cel12, Aifl, and f-Actin using a SsoAdvanced
Universal SYBR green Supermix (BioRad, 1725271). Fold change in gene expression was
determined relative to a defined control group using the 2*“ method with 8-Actin as a

housekeeping gene.
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Enzyme-linked immunosorbent assay

Cell lysates for enzyme-linked immunosorbent assay were collected via sonication of cells in
lysis buffer supplemented with protease and phosphatase inhibitors. Tissue lysates were collected via
mechanical homogenization in lysis buffer followed by sonication. Protein concentration was
determined using a Bradford protein assay (BioRad, 5000001) according to the manufacturer’s
instructions. Enzyme-linked immunosorbent assays were performed for murine IL-1a (R&D,
MLAO00) IL-18 (R&D, DY401), CCL2 (R&D, DY-479), CCL7 (Boster, EKO683), CCL8 (R&D,
DY790), CCL12 (R&D, MCC120), IL-6 (R&D, M6000B), and VEGFA (R&D, MMV00) according

to the manufacturet’s instructions.
Mice

Ntv-a/ Cdkn2a’” and Ntv-a mice in the age range of 8-16 weeks were used for experiments as
previously described*'””". The former is a mixed genetic background, while the latter is a C57BL/6
background. All animals were housed in a climate controlled, pathogen-free facility with ad /ibitum
food and water under a 12-hour light/dark cycle. Additionally, the previously-described and
validated /7717, 1/15”", and I/1a/b’" mice were crossed with the N#v-2 mice to generate Ntv-a/1/1r1"
mice, N#v-a/I/1b" mice, and Ntv-a/I/1a/ b’ mice®™. For validation of BMDM and MG cultures,
Cx3or1 ™" ) Cor2* /M mice were utilized as previously described”. Genotypes were confirmed by

Transnetyx.
Virus production and tumor generation

DF-1 cells (ATCC, CRL-12203) were purchased and grown at 39°C according to suppliet
instructions. Cells were transfected with RCAS PDGFB-HA or RCAS shp53-RFP using a Fugene 6
transfection kit (Roche, 11814443001) according to the manufacturer’s instructions. DF-1 cells

(4x10% were stereotactically delivered with a Hamilton syringe equipped with a 30-gauge needle for
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tumor generation. For the Nv-a/ Cdknla’ background mice, RCAS PDGFB-HA was delivered
alone. RCAS PDGFB-HA and RCAS shp53-RFP were co-injected at a 1:1 mixture for tumor
generation in N7v-a background mice. The target coordinates were in the right-frontal striatum at

AP-1.7mm and right-0.5mm from bregma; depth-2mm from the dural surface*”

. Prior to surgery,
mice were anaesthetized with intraperitoneal injections of ketamine (McKesson, 494158) (0.1 mg/g)
and xylazine (Akorn) (0.01 mg/g). A local injection of marcaine (McKesson, 57199) was delivered
for pre-surgical analgesia followed by two post-operative administrations of buprenorphine

(McKesson, 1013922) within 24 hours of completion. Mice were continually monitored for signs of

tumor burden and were sacrificed upon observation of endpoint symptoms.
Organotypic tumor slice culture

At endpoint, N#v-a/ Cdkn2a’™ mice harboring PDGFB-overexpressing tumors were
euthanized via CO; asphyxiation. Without perfusion, the brain was rapidly extracted and embedded
in 4% low-melt agarose in PBS. The embedded brain was then mounted on a vibratome (Leica) and
submerged in ice cold Hank’s balanced salt solution (HBSS). The brain was cut into 300 um-thick
sections and the slices were transferred to inserts in a 6-well plate. Slices were cultured in Neurobasal
media (STEMCELL, 05700) supplemented with B27 supplement (ThermoFisher, 17504044),
sodium pyruvate (ThermoFisher, 11360070), and glutamine (ThermoFisher, 35050061). M-CSF at a
concentration of 40 ng/ml was included in the media during co-culture experiments with BMDM
and MG. Dexamethasone (Sigma-Aldrich, D4902) was included at a dose of 5 uM where

administration is indicated.
In vivo dexamethasone administration

Mice were given intraperitoneal injections of either dexamethasone (West-ward, 462-329-02)

at a dose of 10 mg/kg or a corresponding volume of 0.9% saline solution (McKesson, 2718344) for
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five days prior to sacrifice. Treatment was initiated when mice began to show neurological signs of
tumor burden. Mice were sacrificed on day six after treatment initiation and tumor tissue was

collected for analysis as described.

Immunobistochemistry

Prior to staining, 5 um-thick sections were cut on a microtome (Leica). Sections were
deparaffinized and antigen unmasking was performed with a citrate solution (Vector, H-3300)
according to the manufacturer’s instructions. CD31 (Dianova, DIA-310) was stained by hand, while
IBA1 (Wako) was stained using an automated system (Ventana). Quantification of percent positive
area and average vessel size was performed blinded to treatment condition using Fiji as previously

described®’.

Flow cytometry

At endpoint, mice were sacrificed with an overdose of ketamine. Blood was collected via
cardiac puncture and de-coagulated with EDTA. Mice were then perfused with cold Ringers
solution (Sigma-Aldrich, 96724-100TAB) and the brains were extracted and placed in dishes with
sterile HBSS. Tumor dissociation was performed with a neural tissue dissociation kit (Milltenyi, 130-
092-628) using 1 mg/ml collagenase D (Sigma-Aldrich, 11088882001) in water as a digestive
enzyme. The resulting cell suspension was cleaned of debris via Percoll density gradient
centrifugation and was blocked with Fc-block (BD Biosciences, 553141), FBS (HyClone,
SH30396.03), normal rat serum (ThermoFisher, 10710C), normal mouse serum (ThermoFisher,
10410), and normal rabbit serum (ThermoFisher, 31883) on ice. Staining was performed in the
blocking solution with the following antibodies: CD45-APC (BioLegend, 103111), CD11b-PerCP-

Cy5.5 (BD Biosciences, 550993), Ly6C-PE-Cy7 (BD Biosciences, 560593), and Ly6G-V450 (BD
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Biosciences, 560603). Cells were washed and resuspended in a buffer consisting of PBS, BSA,

EDTA, and sodium azide prior to analysis on a LSRII cytometer (BD).
Tumor tissue isolation

At endpoint, mice were euthanized with an overdose of ketamine and xylazine and perfused
with cold Ringer’s solution (Sigma-Aldrich, 96724-100TAB). The brain was extracted, and a piece of
tumor was immediately snap-frozen in liquid nitrogen for storage at -80°C. The rest of the brain was

fixed in 10% formalin for 72 hours for histology.
Hoechst dye leakage assay

Mice were anaesthetized with ketamine and xylazine prior to this procedure. Five minutes
prior to euthanasia 50 pl of Hoechst 33342 (Sigma, #H6024) was injected intravenously through the
retroorbital sinus. Animals were then perfused with 4% PFA in PBS and the brains were extracted.
The brains were embedded in O.C.T. (VWR, 25608-930) and cut into 30 um sections on a cryostat
(Leica). Sections were permeabilized with 0.3% Triton X-100 in PBS and stained with propidium
iodide (ThermoFisher, P1304MP) for 30 min at 37 °C. Sections were then washed with PBS before
mounting with 70% glycerol. Whole-slice images were obtained using the multi-area time lapse
function on the Fluoview FV1000 microscope (Olympus). Four z-planes were acquired at a spacing
of 5 um for each channel analyzed. The grid/collection stitching plugin in Fiji was used to combine
the individual tiles from the multi-area time lapse into a complete image of the brain slice’"’. Z-
projection was employed to reduce the separate z-planes into one image. The percent positive
Hoechst area was determined and divided by the total tumor area, as judged by propidium iodide
staining, to generate a readout of tumor vessel leakage. All image analysis and quantification were

performed blinded to treatment condition.

B20-4.1.1 treatment
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Treatment with B20-4.1.1 (Genentech) commenced 30 days following tumor induction via
RCAS injection. Mice were administered B20-4.1.1 at 5 mg/kg via intraperitoneal injection every 4

days until endpoint symptoms developed.
MRI tumor volume reconstruction

I employed a 9.4 T, 20 cm horizontal bore Bruker magnet interfaced to an Avance console
(Bruker) and equipped with an actively shielded gradient set. This set up has an inner diameter of 11
cm, a maximum gradient strength of 100 mT/m, and a rise time of 110 ms. A two-coil actively
decoupled imaging set-up was employed with a 3 cm surface coil used to receive the signal generated
by a 7.2 cm diameter volume transmission coil. The receiving coil was positioned over the cortical
and subcortical areas of interest to maximize the signal-to-noise ratio. Mice were imaged while
anaesthetized with 1.5-2% isoflurane (Baxter, 1001936060) and held in a custom-made cradle. Body
temperature and respiration rate were continually monitored throughout the experiment with an
animal physiological monitoring system (SA Instruments). The mouse head was imaged in the axial
otientation using a T2-weighted fast spin-echo RARE sequence with a TR of 3.5 seconds, a TE of
50 ms, a RARE factor of 8, a NEX value of 24, a field of view of 3 x 2 cm, and a slice thickness of
0.7 mm generating an in-plane resolution of 117x156 mm. During the procedure, 14 slices were
obtained. To reconstruct tumor volume, the tumor area in each slice was outlined in the Bruker
software and multiplied by the thickness of the slice. The total volume for all slices within each
tumor was summed to generate the total tumor volume. All tumors were analyzed in a blinded

tashion.
Hematoxylin and eosin tumor volume reconstruction

At endpoint, mice were sacrificed with an overdose of ketamine and xylazine and perfused

with 4% PFA in PBS. The brain was carefully extracted and incubated in 4% PFA in PBS for 24
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hours following a 72-hour incubation in 30% sucrose in PBS. The brain was then embedded in
O.C.T. compound (VWR, 25608-930) and frozen on dry ice. The entire brain was then serially
sectioned on a cryostat (Leica) set to cut 30 um sections. Every tenth section was collected and
mounted on a slide for automated hematoxylin and eosin staining. The slides were scanned at 20x
magnification with a whole slide scanner (Hamamatsu). Tumor area in each section was determined
in a blinded fashion in NDP.view2 and multiplied by the thickness of ten slices. The resulting
volumes for the slides of each tumor were then summed, producing an estimation of the total

volume.
Wet/ dry tissue weight edema measurement

At endpoint, whole brains were extracted without perfusion and immediately weighed.
Tissue was then placed in a vacuum oven (Across International) and dried at complete vacuum and
95°C for 24 hours. Dry tissue was then re-weighed, and the percent brain water was calculated as

previously described™".
Mouse irradiation and gallium nitrate administration

Irradiation of tumor-bearing mice was performed as previously described *’. Gallium nitrate
(Sigma-Aldrich, 289892-5G) was administered via intraperitoneal injection in saline at a dose of
50mg/kg as indicated. Mice were followed until endpoint criteria were met and overall survival was

recorded.
Statistical Analysis

Statistical analysis and figure generation were performed in GraphPad Prism version 8 and

Adobe Illustrator, respectively. Significant effects were considered at P<0.05. Specific statistical
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analyses utilized for each experiment are indicated in the figure legends. All data are presented as

mean = SEM.
3.3 Results
Dexcamethasone blocks the production of 111 cytokines in primary murine BMDM and MG in vitro

For in vitro analysis of the effects of dexamethasone on IL-1 production by macrophages,
primary murine BMDM and MG culturing protocols (Figure 3.1A and B) were established by

W43 To validate the purity of cells isolated with these

modification of existing methods
methodologies, immunofluorescent staining for IBA1 and flow cytometric analysis of CCR2 and

CX3CR1 were employed (Figure 3.2).

Macrophages are known to upregulate IL-1 cytokines following stimulation with LPS and
IFNy, and they secrete I1.-1B following activation of the P2X; purinergic receptor by ATP>*'2,
Therefore, I employed a scheme consisting of LPS and IFNy stimulation, followed by ATP
treatment, to functionally validate my primary BMDM and MG cultures (Figure 3.1C-F).
Dexamethasone pre-treatment suppressed LPS and IFNy-induced /74 and /76 RNA expression in
both BMDM (Figure 3.1C) and MG (Figure 3.1D). Intracellular and secreted IL-13 protein levels

were also suppressed by dexamethasone in both cell types (Figure 3.1E and F).

IL-1 stimulation has been shown to upregulate IL-1 cytokines in multiple different cell types
and I next investigated this phenomenon in my primary murine BMDM and MG’"*>". First, I
performed dose-response experiments in BMDM and MG to determine the optimal doses of IL-1«
and IL-1B to use for further experiments (Figure 3.3). I chose to use doses of 75 pM IL-1a and 200
pM IL-18 in primary BMDM (Figure 3.3A and C). Doses of 400 pM IL-1a and 1 nM IL-183 were

used in experiments with primary MG (Figure 3.3B and D).
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Figure 3.1. Dexamethasone blocks LPS/IFNy and IL-1-induced IL-1 expression in primary
BMDM and MG. Primary murine BMDM (A) and MG (B) were cultured using modifications of
previously established protocols. I/7 expression in BMDM (N=4) (C) and MG (N=4) (D) following
stimulation with LPS and IFNy. Intracellular (N=5) and secreted (N=7) IL-18 protein levels in
BMDM (E) as well as intracellular (N=6) and secreted (N=8) IL-18 protein levels in MG (F)
following stimulation with LPS and IFNy. IL-1« (G) and IL-183 (H) stimulation of BMDM (N=4).
IL-1o (I) and IL-18 (J) stimulation of MG (N=4). One-way ANOVA, ns=not significant, *P<0.05,

#*P<0.01, #P<0.001, *+++P<0.0001.
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Figure 3.2. Differentiation of primary cells in media supplemented with M-CSF produces

pure BMDM and MG cultures. (A) Representative immunofluorescent staining of differentiated

BMDM for the pan-macrophage marker IBA1. (B) Representative immunofluorescent staining of

enriched MG for the pan-macrophage marker IBA1. (C) Representative flow cytometry plots of

BMDM cultures from Cx3er? ™"/ Cor2*/®™F mice on the day of isolation (top) and terminal

differentiation (bottom). (D) Representative flow cytometry plots of MG cultures from
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Cx3or1™ ™" | Cor2* 8 mice on the day of isolation (top) and following entichment (bottom). (E)
Quantification of the BMDM flow data (N=3). (F) Quantification of the MG flow data (N=3).

Two-tailed Student’s t-test, ns=not significant, **P<0.01, ***P<0.001.
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Figure 3.3. IL-1« and IL-1§ dose response experiments in primary BMDM and MG reveal
effective doses for downstream analysis. Quantitative-PCR analysis of 1/74, 1/1b, 1 egfa, and Cel5
in BMDM stimulated with varying doses of IL-1a (A) or IL-18 (C) (N=3). Quantitative-PCR
analysis of I/1a, I/1b, Vegfa, and Ce/5 in MG stimulated with varying doses of IL-1a (B) or IL-13 (D)
(N=3). EC50 values were determined via three parameter non-linear regression and resulting

trendlines are illustrated.
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I next assessed the effects of dexamethasone on IL-1-induced IL-1 production. In both
BMDM (Figure 3.1G and H) and MG (Figure 3.1I and J), dexamethasone was shown to inhibit
I/1a and I/15 RNA expression following stimulation with either IL-1 cytokine. These iz vitro results
confirm that dexamethasone is capable of blocking I.-1a and I1.-18 production following multiple
different stimulation schemes. A propidium iodide and annexin V-based apoptosis assay confirmed

that these results were not due to dexamethasone toxicity in BMDM or MG (Figure 3.4).

Dexcamethasone blocks IL-1 cytokine and MCP chemokine production in myeloid cells and organotypic tumor slices

co-cultured ex vivo

Based on the inhibitory effect of dexamethasone on IL-1 signaling in BMDM and MG 7
vitro, I next designed an ex vivo system to interrogate questions more specific to the glioblastoma
tumor microenvironment. Previously, by using RNA-sequencing, I showed that BMDM, and not
MG, primarily express [/75 in glioblastoma and that BMDM are recruited to the tumor through a
MCP family chemokine-dependent mechanism”. To evaluate whether BMDM or MG upregulate
IL-1 family cytokines in the tumor microenvironment, and what effects dexamethasone has on this
process, I developed a system for co-culturing BMDM and MG with organotypic tumor slices

(Figure 3.5A).

The results of this experiment demonstrated that BMIDM exposed to organotypic tumor
slices upregulate both I/72 and /15 (Figure 3.5B). This effect was shown to be abrogated by
dexamethasone treatment. Tumor slices co-cultured with BMDM and treated with dexamethasone
were shown to downregulate [/7a and 1/1b, as well as Ce/2, Cel7, and Cel12; three of the four MCP
family members (MCP-1/CCL2, MCP-2/CCL7, MCP-3/CCL8, and MCP-4/CCL12) (Figure

3.5C). Contrary to the results in BMDM, MG did not upregulated 1/74 or I/15 tollowing co-culture



112

Figure 3.4. Dexamethasone is non-toxic to primary murine BMDM and MG. (A)

Representative flow cytometry plots and quantification for BMDM stimulated with vehicle,
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dexamethasone, or LPS and assessed with an annexin V and propidium iodide-based apoptosis assay

(N=5). (B) Representative flow cytometry plots and quantification for MG stimulated with vehicle,



113

dexamethasone, or LPS and assessed with an annexin V and propidium iodide-based apoptosis assay

(N=5). One-way ANOVA, *P<0.05, **P <0.01, ***P<0.001, ****+P<(.0001.
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Figure 3.5. Dexamethasone treatment ablates I/7 upregulation by BMDM exposed to

organotypic tumor slices and reduces expression of MCP cytokines by tumor tissue. (A) An

experimental outline of the co-culture of BMDM and MG with organotypic tumor slices (TS). (B)

Expression of I/1a and 1/15 in BMDM co-cultured with tumor slices IN=0). (C) 1/7a, 1/1b, C¢l2, Cel7,
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Cel8, and Cel12 expression in tumor slices co-cultured with BMDM (N=0). (D) Expression of [/7a
and /76 in MG co-cultured with tumor slices (N=5). (E) [/7a, I/1b, Ccl2, Cel7, CelS, and Cel12
expression in tumor slices co-cultured with MG (N=6). In all experiments, dexamethasone was
added at a dose of 5 uM where indicated. One-way ANOVA and two-tailed Student’s t-test, ns=not

significant, *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001.
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with tumor slices (Figure 3.5D). In fact, MG were surprisingly shown to downregulate I/72 and /14
in this context. Both I/7a and /15 expression were still downregulated by dexamethasone treatment
relative to the control MG. Tumor slices co-cultured with MG and treated with dexamethasone were
shown to downregulate I/72 and 1/1h, as well as Ce/2 and Ce/7, similar to what was seen in tumor
slices co-cultured with BMDM (Figure 3.5E). The downregulation of MCP chemokine family

members suggested the dexamethasone may alter BMDM chemotaxis.

Dexcamethasone significantly reduces the number of tumor-associated macrophages without altering blood vessel

morphology

To assess the effects of dexamethasone on tumor-associated macrophages and angiogenesis
in vivo, PDGFB-overexpressing tumors were generated in Nv-a/ Cdkn2a’" mice as previously
described””. The treatment schematic for this experiment (Figure 3.6A) involved dosing tumot-
bearing mice with vehicle solution (saline) or dexamethasone (10 mg/kg) for five days prior to
sacrifice, with mice displaying endpoint symptoms. The efficacy of this dexamethasone treatment
scheme was verified by assessing the expression levels of Aurka, Cde20, Plk1, Cenpa, Cenbl, and Kif2e
genes in tumor tissue with quantitative-PCR (Figure 3.7). These genes were previously

demonstrated to be downregulated by dexamethasone treatment'??

. Quantitative-PCR analysis of the
isolated tumors indicated a decrease in total I/72 and I/1) post-dexamethasone treatment (Figure
3.6B). Contrary to prior reports that dexamethasone alters the expression of 17egfa, I observed no
difference in Vegfa expression in tumors isolated from vehicle- or dexamethasone-treated mice

(Figure 3.6B). A/f1, a pan-macrophage marker, was shown to be significantly downregulated by

dexamethasone (Figure 3.6B).

Based on these results, I questioned whether vehicle- and dexamethasone-treated mice

would display differences in angiogenesis or tumor-associated macrophage accumulation. Therefore,
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Figure 3.6. Dexamethasone treatment has no effect on tumor angiogenesis, but significantly
reduces the number of tumor-associated macrophages. (A) An experimental outline of the

generation and treatment of PDGFB-overexpressing tumors. (B) Quantitative-PCR of tumor
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samples and interrogation of [/7a, 1/1b, 1/egfa, and Aifl expression from vehicle- (N=13) and
dexamethasone-treated mice (N=15). Immunohistochemical analysis of CD31 (C) and IBA1 (D)
expression in formalin-fixed, paraffin-embedded tumor slices from vehicle- (N=9) and
dexamethasone-treated mice (N=11). Scale bars are 100 um. Two-tailed Student’s t-test, ns=not

significant, *P<0.05, **P<0.01, ***P<0.001.
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Figure 3.7. Validation of the in vivo administration of dexamethasone by quantitative-PCR

analysis of previously-reported markers. Quantitative-PCR for the markers Aurka, Cde20, Plk1,

Cenpa, Cenb1, and Kif2¢ in tumor samples from mice following vehicle (N=13) or dexamethasone

(N=15) treatment. Two-tailed Student’s t-test, **P<(.01, ***P<(.001.
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I stained my tumor specimens for the endothelial cell marker CDD31 and the pan-macrophage marker
IBA1 (the protein product of the A#f7 gene)*". Quantification of vessel-length density, average
vessel size, and vessel caliber based on CD31 positive staining revealed no differences between
vehicle- or dexamethasone-treatment (Figure 3.6C). There was a reduction in IBA1-positive area in
tumor samples from mice treated with dexamethasone compared to vehicle-treated mice (Figure
3.6D). These results suggested that while having no effect on angiogenesis, dexamethasone

decreases the number of tumor-associated macrophages.
Dexcamethasone impairs the influx of circulating myeloid and lymphoid cells into glioblastomas in vivo

Since IBA1 is a shared marker between BMDM and MG it is unable to distinguish between
the two lineages by immunohistochemistry. To specifically determine whether dexamethasone
decreases tumor-associated macrophages through alterations in BMDM or MG, I next chose to
employ flow cytometry to analyze tumor samples from vehicle- and dexamethasone-treated mice. 1
previously demonstrated the ability to distinguish between BMDM and MG based on CD45-protein
expression levels by flow cytometry”. PDGFB-overexpressing tumors were generated in N#r-a mice
and treated with vehicle or dexamethasone following the same treatment schematic previously
employed (Figure 3.8A). As expected, I observed a reduction in total myeloid cells (CD45°CD11b")
in tumors of dexamethasone-treated mice (Figure 3.8B). When the myeloid cells were divided into
BMDM (CD45"" and MG (CD45"") by CD45-positivity, the reduction in total myeloid cells could
be completely attributed to a reduction in the infiltration of BMDM from the circulation (Figure
3.8B). Additionally, I demonstrated that dexamethasone significantly impairs the ability of lymphoid

cells (CD45°CD11b) to infiltrate the tumors (Figure 3.8B).

These results indicated that dexamethasone as an inhibitory effect on immune cell

infiltration into the tumor. Next, I evaluated whether this decreased infiltration stemmed from
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Figure 3.8. Dexamethasone treatment significantly impairs the ability of immune cells to
infiltrate the tumor from the circulation. (A) An experimental outline of the treatment of mice

bearing PDGFB-overexpressing tumors with vehicle or dexamethasone. (B) Representative flow
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cytometry plots and quantification of total myeloid cells, BMDM, MG, and lymphoid cells in
PDGFB-overexpressing tumors from mice treated with vehicle IN=10) or dexamethasone (N=10).
(C) Representative flow cytometry plots and quantification of circulating myeloid cells, lymphoid
cells, inflammatory monocytes, and neutrophils in the blood of tumor-bearing mice treated with
vehicle (N=9) or dexamethasone (N=9) at endpoint. Two-tailed Student’s t-test, ns=not significant,

*P<0.05, ¥*P<0.01, **P<0.001.
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effects on immune cell extravasation from the bone marrow or circulation. To accomplish this task,
I determined circulating immune cell levels in tumor-bearing mice treated with vehicle or
dexamethasone. My results indicated that dexamethasone has different effects on cells of the
myeloid and lymphoid compartments. No significant effect was observed on the circulating levels of
total myeloid cells (CD45"CD11b") or neutrophils (CD45"CD11b"Lyg6G"¢"Ly6C™) (Figure 3.8C).
I did, however, observe an increase in circulating inflammatory monocytes

(CD45"CD11b Ly6G*"Ly6C"") (Figure 3.8C). Circulating lymphoid cell (CD45°CD11b) levels
were strongly depressed by dexamethasone administration (Figure 3.8C). These effects were
confirmed via administration of dexamethasone to tumor-naive C57BL/6 mice. In fact, in this
experiment, significant increases in circulating total myeloid cells (CD45"CD11b"), inflammatory
monocytes (CD45"CD11b Ly6G"Ly6C""), and neutrophils (CD45"CD11b Ly6G " Ly6C™™) were
observed (Figure 3.9). The significant reduction in circulating lymphoid cells (CD45"CD11b")
observed in tumor-bearing mice was also recapitulated in naive mice (Figure 3.9). These
experiments illustrated that dexamethasone likely impacts lymphoid cell release from the bone

marrow and myeloid cell extravasation from the circulation into inflammatory sites.
IL-1R1 ablation has no effect on angiogenesis but reduces the influx of BMMDM in PDGEB-overexpressing tumors

Since dexamethasone was shown to exert such a profound effect on IL.-1 signaling 7 vitro
(Figure 3.1), ex vivo (Figure 3.5), and 77 vivo (Figure 3.6), I questioned if I could recapitulate
phenotypes observed following dexamethasone administration by specifically ablating I1.-1 signaling.
To investigate this hypothesis, PDGFB-overexpressing tumors were generated in N#v-a and N#v-
a/1l1r1”" mice. Ablation of IL-1R1 activity was confirmed by stimulating [/7777- BMDM with IL-1«
and IL-1 i» vitro (Figure 3.10). Immunohistochemical analysis of CD31 (Figure 3.11A) and IBA1

(Figure 3.11B) demonstrated no significant effect on angiogenesis, but a significant reduction in
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Figure 3.9. Administration of dexamethasone to naive C57BL/6 mice causes a significant

reduction in circulating lymphoid cells and a significant increase in circulating myeloid

cells. Representative flow cytometry plots for total circulating myeloid cells, lymphoid cells,

inflammatory monocytes, and neutrophils in naive C57BL/6 mice treated with vehicle (N=10) or

dexamethasone (N=11). Two-tailed Student’s t-test, *P<0.05, **P<0.01, ***P<(.001, ****P<0.0001.
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Figure 3.10. Stimulation of I/7rf/” BMDMs with IL-1« and IL-1f produces no change in the
expression of the IL-1 responsive genes I/1a, Il11b, or Ccl5. BMDM were isolated from /1717
mice and stimulated with IL-1o and IL-18 (N=4). Quantitative-PCR was performed to assess the

expression levels of the IL-1 responsive genes I/7a, I/1b, and Cel5. One-way ANOVA, ns=not

significant.
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Figure 3.11. IL-1R1 ablation reduces the influx of circulating myeloid cells in the tumors of
mice bearing PDGFB-overexpressing glioblastoma. Immunohistochemical analysis of CD31
(A) in N#v-a N=5) and N#v-a/1/171”- (N=9) mice. Immunohistochemical analysis of IBA1 (B) in
Ntv-a N=14) and N#w-a/1/1r1”- (N=11) mice. (C) Representative flow cytometry plots and
quantification of total myeloid cells, BMDM, MG, and lymphoid cells in tumors of N#-2 (N=5) and
Ntv-a/1i1r1”- (N=6) mice bearing PDGFB-overexpressing glioblastoma. Two-tailed Student’s t-test,

ns=not significant, ***P<(.001, ***P<0.0001.



128

tumot-associated macrophages in tumors from N#-a/1/1r1”" mice compared to tumors from Nzr-a
mice. These results closely mimicked those seen following dexamethasone administration (Figure

3.6C and D).

To establish whether the reduction in IBA1-positivity could be attributed to BMDM, MG,
ot both cell types, I employed flow cytometry. My results indicated no significant reduction in total
myeloid cells (CD45*CD11b") in tumors from N#v-a/1/171” mice (Figure 3.11C). Division of the
total myeloid cells into BMDM (CD45"¢") and MG (CD45"") indicated a strong reduction in the
influx of BMDM (Figure 3.11C). No dectease in the amount of total lymphoid cells (CD45"CD11b
) was apparent (Figure 3.11C). When assessing the circulating immune cell profiles of these mice, no
differences were obsetved in the levels of circulating myeloid cells (CD45°CD11b"), lymphoid cells
(CD45"CD11b), inflammatory monocytes (CD45"CD11b Ly6G*"Ly6C""), or neutrophils

(CD45"CD11b Ly6G"#"Ly6C™) (Figure 3.12).

The difference between dexamethasone treatment and IL.-1 signaling ablation in this respect
likely stems from slightly different mechanisms of action between the two modalities. In addition to
the efficacy in decreasing chemokine expression that I have demonstrated, dexamethasone is also
known to detach marginal myeloid cells from the wall of the blood vessel; thereby inhibiting their
ability to initiate the process of extravasation’’”"®. Based on the lack of differences in circulating
immune cell levels in N#v-a and N#v-a/1/171”7" mice, it is unlikely that I1.-1 signaling ablation has a
similar effect on marginal immune cells. Ablation of IL.-1 ligands does induce a strong decrease in
the tumor levels of the MCP family of chemokines (Figure 3.13). This effect is probably responsible
for the reduction in BMDM infiltration seen in the tumors of N#v-a/I/1r17" mice. The data presented
here (Figure 3.13) confirm that IL-1 signaling ablation also has no effect on the tissue levels of

VEGTF, similar to what was observed following dexamethasone treatment.
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Figure 3.12. Tumot-bearing Ntv-a and Ntv-a/Il1r]”" mice display no differences in

circulating immune cell profile. Representative flow cytometry plots and quantification of

myeloid cells, lymphoid cells, inflammatory monocytes, and neutrophils in the blood of tumor-
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bearing N#w-a (N=5) and N#v-a/I/1r1”- (N=6) mice at endpoint. Two-tailed Student’s t-test, ns=not

significant.
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Figure 3.13. Interleukin-1 ligand-ablated mice display a reduction in tumor tissue levels of

MCP-family cytokines. (A) An experimental protocol illustrating the workflow for tumor-

induction, tissue isolation, and preparation for ELISA. (B) Comparison of tumor tissue expression

of IL-1a, I1-18, CCL2, CCL7, CCL8, CCL12, IL-6, and VEGFA with ELISA. Two-tailed student’s

t-test. ns = not significant, **P<0.01, ***P<0.001, ****P<(0.0001.
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IL-1R1 ablation reduces blood-brain barrier permeability in PDGEFB-overexpressing tumors, but no significant

synergism with VEGFE neutralization is observed

Considering the similarities between dexamethasone treatment and IL-1R1 ablation with
respect to BMDM infiltration, I next evaluated the ability of IL-1R1 ablation to reduce BBB
permeability in PDGFEFB-overexpressing tumors. Additionally, I assessed whether IL-1R1 ablation in
conjunction with VEGF-neutralization would have a synergistic effect on BBB disruption. To do so,
I modified a previously established Hoechst dye-based assay’”. Tumors were generated in N#v-2 and
Ntv-a/ 11171 mice that were treated with vehicle or the VEGF-neutralizing antibody B20-4.1.1 every
four days at a dose of 5mg/kg following tumor initiation and up to endpoint (Figure 3.14A).
Comparison of percent Hoechst positivity in the tumors of N#z-@ and N#v-a/1/1r1”" mice treated with
vehicle indicated a significant reduction in BBB permeability in N#z-a/1/171”" mice (Figure 3.14B).
No significant difference was observed between the two genotypes when treated with the VEGF-
neutralizing antibody B20-4.1.1 (Figure 3.14C). The leakage in both VEGF-neutralized groups was
similar to IL.-1R1 ablation alone. These results suggest that II.-1 signaling regulates BBB

permeability.
I1-1 ligand ablation reduces edema formation in tumor-bearing mice at endpoint

Since my results with IL-1R1 ablation indicated a reduction in BBB permeability, and both
IL-1x and IL-18 signal through the same receptor, I next assessed whether depletion of 1L-13, or
IL-1o and IL-18, would drive a reduction in the formation of cerebral edema. I chose to utilize a
previously established MRI-based assessment of edema formation in mice based upon endpoint
tumor volume determination, where an increase in endpoint tumor volume is attributed to a
decrease in edema'”. I confirmed the MRI results in this experiment with ex zivo tumor volume

reconstruction and a wet/dry tissue weight assay.
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Figure 3.14. Ablation of IL-1 signaling reduces blood-brain barrier permeability in mice
bearing PDGFB-overexpressing tumors. (A) A schematic outlining tumor generation, treatment,
and tissue processing. (B) Comparison of Hoechst dye leakage in tumors from N#-a (N=10) and
Ntv-a/1i1r17- (N=11) mice treated with vehicle solution. (C) Comparison of Hoechst dye leakage in
tumors from Nzv-a (N=8) and Nz-a/I/1r/- (N=5) mice treated with the VEGF-neutralizing antibody

B20-4.1.1. Two-tailed Student’s t-test, ns=not significant, *P<0.05.
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The schematic of this experiment employed tumor induction in N#v-a, Ntv-a/1/15”", and Nzo-
a/1/1a/ b’ mice and submitted them to T2-weighted MRI at endpoint to determine tumor volume
(Figure 3.15A). Tumors were then extracted and serially sectioned prior to H&E staining and ex vivo
tumor volume reconstruction to confirm the MRI results. This experiment indicated a significant
increase in endpoint tumor volume in the N#v-a/1/15”" and Ntv-a/I/1a/ b’ mice relative to the N#v-a
mice with T2-weighted MRI (Figure 3.15B). No significant increase in endpoint tumor volume in
the N#v-a/1/1b"" group and a significant increase in the N#v-a/1/1a/ b’ group relative to the N#v-a
group were observed with serial histology (Figure 3.15C). Utilizing a wet/dry tissue weight-based
measurement of edema (Figure 3.15D) I first validated the assay and the efficacy of dexamethasone
in reducing edema (Figure 3.16). I then performed the assay in N#v-a and N#v-a/1/1a/ b’ mice and
confirmed the results obtained with MRI and serial histology (Figure 3.15E). These data suggest a

decrease in edema following IL.-1 signaling ablation and imply that the effect may be IL.-13-driven.

Genetic and pharmacological inbibition of 11-1 signaling does not compromise radiotherapy efficacy in a murine

lioblastoma model in vivo

The interference of dexamethasone treatment with the response to radiation in mice and
humans has been previously documented'”. T next evaluated whether I1.-1 inhibition either by
genetic or pharmacological approaches compromises the efficacy of radiation therapy in tumor-
bearing mice. I first chose to assess the response to radiation in N#v-a and N#v-a/I/1a/ b’" tumot-
bearing mice (Figure 3.17A) and demonstrated no reduction in median survival time following
radiation in N#-a/1/1a/ b’ compared to N#v-a mice. 1 then validated the ability of gallium nitrate to
inhibit IL.-1 release in bone marrow-derived macrophages (Figure 3.18) and assessed its impacts on

the efficacy of radiation therapy. I utilized the same treatment schedule as dexamethasone in
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Figure 3.15. IL-1 ligand ablation reduces edema formation in tumor-bearing mice. (A) A
schematic illustration of the MRI and serial histology experimental workflow. (B) Comparison of
endpoint tumor volumes between N#v-a (N=8), Ntv-a/I/15"- (N=8), and Ntv-a/I/1a/b’" (N=6) mice
with T2-weighted MRI. (C) Comparison of endpoint tumor volumes between Nzv-a (N=7), Nv-
a/ll1b’ (N=9), and N#-a/I/1a/b’- (N=T) mice with serial sectioning followed by hematoxylin and
eosin staining. (D) A schematic illustration of the wet/dry assay for edema measurement. (E)
Comparison of percent brain water in naive N#v-# (N=5), naive N#-a/1/1a/b’" (N=5), tumor-bearing
Ntv-a (N=7), and tumor-bearing Ntv-a/I/1a/b’" (N=8) mice. One-way ANOVA, ns=not significant,

*P<0.05, **P<0.01, #*P<0.001, *++P<0.0001.
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Figure 3.16. Dexamethasone reduces edema formation as assessed by a wet/dry tissue
weight assay. (A) Brain weight of naive C57BL/6 mice (N=5) after 24- and 48-hours of
desiccation. (B) Comparison of percent brain water between vehicle- (N=7) and dexamethasone-

treated (N=9) tumor-bearing N#-a/ Cdkn2a’" mice. Two-tailed student’s t-test. **P<0.01.
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Figure 3.17. Genetic and pharmacological inhibition of IL-1 signaling have no impact on
radiotherapy efficacy. (A) A schematic illustration of the irradiation of tumor-bearing N7v-a
(N=13) and N#v-a/1/1a/b’" (N=9) mice with the associated survival curves. (B) A schematic
illustration of the treatment of tumor-bearing mice with vehicle (N=10), gallium nitrate (N=10),
vehicle plus radiation (N=10), or gallium nitrate plus radiation (N=11) with the associated survival

curves. MC and GBW tests, ns=not significant, *P<0.05, **P<0.01, ****P<(0.0001.
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Figure 3.18. Gallium nitrate inhibits the synthesis and secretion of IL-13 protein from
primary BMDM. (A) Quantitative-PCR for 1774, (B) ELISA for intracellular IL-18, and (C) ELISA
for secreted IL-18 in BMDM stimulated with LPS and IFNy with or without gallium nitrate

pretreatment. One-way ANOVA, ns=not significant, **P<0.01. ¥***P<0.001, ***P<0.0001.
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the experiment demonstrating its interference with radiation'””. Similar to dexamethasone, gallium
nitrate alone had no impact on the survival of tumor-bearing mice when compared to the vehicle

treated group. In contrast to dexamethasone, there was no significant difference between gallium

nitrate plus radiotherapy-treated animals compared to radiotherapy alone, demonstrating that

gallium nitrate treatment does not interfere with radiotherapy efficacy (Figure 3.17B).
3.4 Discussion

Following its introduction for the purpose, dexamethasone has long been recognized as the
gold-standard for the management of glioblastoma-associated cerebral edema®?”. Recent attention
has highlighted the need to find an alternative to dexamethasone for the long-term management of
glioblastoma-associated cerebral edema due to the complications associated with prolonged
dexamethasone therapy, as well as the interference of dexamethasone with anti-neoplastic therapies
employed to combat the tumor'**"***” Considering this sentiment, I initiated the investigations
presented here with an intention to extract a beneficial anti-edema component from dexamethasone,
while reducing off target effects that drive side-effects and impair the response to anti-neoplastic

therapy.

Here, I utilized a murine model of glioblastoma where BMIDM comprise the majority of the
tumor-associated macrophage population. RNA-sequencing on these cells suggested previously that
they upregulate the inflammatory mediator 1/74 significantly compared to naive BMDM or tumor-
associated MG™. I vitro, 1 demonstrated that BMDM and MG both upregulate I1.-1 family
cytokines when stimulated with either LLPS and IFNy or 1L.-1; effects that were significantly inhibited
by dexamethasone treatment. My ex vivo experiments demonstrated that BMDM upregulate /72 and
1715 when exposed to organotypic tumor slices, and that this effect can be abrogated by

dexamethasone treatment. MG were surprisingly shown to downregulated IL-1 cytokines when co-
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cultured with tumor slices. Iz vivo, I demonstrated a decrease in total tumor I/7a and 1/75 levels

following dexamethasone treatment.

My in vivo results further illustrated no effect on the expression levels of [7egfa, or vessel
parameters in the tumors of dexamethasone-treated mice. These results differ from previous work
that demonstrated a significant reduction in [egfz produced by glioblastoma tumor cells in response

to dexamethasone treatment?

. This difference in results can be attributed in part to the genetic
make-up of the tumors in these studies and the identity of the cells utilized in previous analyses. As
discussed in Chapter 2, U87 cells — that were used in the referenced study — no longer recapitulate
the phenotype of primary human tumors or patient derived cells. The murine tumors generated in
this study are much closer approximations of their human counterparts. My data are consistent with
results illustrating no effect of dexamethasone therapy on VEGF expression in human glioma

samples™. In total, this suggests that dexamethasone likely does not significantly impact VEGF or

angiogenesis in glioblastoma.

Therefore, the conclusion from this work is that dexamethasone impacts the permeability of
the BBB in an angiogenesis-independent fashion. Experiments in naive mice, with no cerebral injury
or aberrant angiogenesis, have demonstrated that dexamethasone reduces the permeability o the
BBB to macromolecules™. Moreover, following cerebral injury, dexamethasone treatment has been
shown to upregulate tight junction molecules, such as Tight junction protein-1, in endothelial cells
within the BBB*>**'". Although cerebral injury and brain tumors are distinct entities, it is plausible

that the mechanism of action of drugs used to treat edema induced by each trauma may be similar.

Although I was unable to establish a link between angiogenesis and dexamethasone
treatment, I was able to demonstrate a significant reduction in the number of tumor-associated

macrophages with immunohistochemistry following administration of dexamethasone. Further
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analysis with flow cytometry elucidated that this effect was attributable to a reduction in the influx of
BMDM from the circulation. Previous work in cancer and other inflammatory conditions has
demonstrated impaired monocyte chemotaxis following treatment with dexamethasone’***. The
precise mechanism of this effect has not been determined; however, dexamethasone has been
shown to suppress circulating cytokine levels in humans®’*". Tt has been suggested that
dexamethasone does so through global suppression of nuclear factor-kappa B, which is a known
mediator of IL.-1 signaling’®. Since macrophage chemotaxis is primarily controlled by the expression
of MCP family chemokines, it is plausible that the effects of dexamethasone on macrophage
chemotaxis are mediated by its effects on chemokine levels™>**’. This hypothesis is strengthened by
my data showing that tumors induced in Nz-a/1/171”" mice have reduced BMDM infiltration
compared to those induced in N#v-a mice as well as reduced. My evidence in N#v-a/I/1a/ b”'" mice also
suggests that I.-1 acts as a regulator of MCP family chemokine expression specifically in the tumor
microenvironment, but the precise mechanism has not been extensively examined in the context of
glioblastoma. My ex vzvo data clearly illustrated the ability of dexamethasone to reduce MCP
chemokine levels in organotypic tumor slices co-cultured with BMDM or MG, lending further

supportt to the hypothesis that this effect is in part chemokine-dependent.

In addition to the differences observed in myeloid cell infiltration, mice treated with
dexamethasone displayed a significant reduction in the influx of lymphoid cells to their tumors.

These results are in line with previous studies that demonstrated that dexamethasone decreases
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circulating lymphocyte levels in patients with brain tumors™®. Direct studies on the effects of

dexamethasone on circulating T lymphocytes in a bovine model established that dexamethasone is
capable of reducing circulating CD3+ cell levels to 30% of normal, on par with the reduction I
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observed in mice’”. The effects of dexamethasone on lymphoid cells may not be responsible for its

ability to manage edema; however, they are almost certain to alter the efficacy of T cell-based
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immunotherapies in glioblastoma. Previous work on ipilimumab in melanoma brain metastases
demonstrated that dexamethasone may interfere with its efficacy’”. Additionally, recent work in
glioblastoma investigated mechanisms of dexamethasone-induced immunosuppression and their
effects on brain tumor immunotherapy™'. These investigations must continue if dexamethasone and
immunotherapy are to co-exist in the therapeutic repertoire of clinicians in neuro-oncology.
Furthermore, if I1.-1 inhibition is to be considered as an alternative to dexamethasone for the
management of edema, its precise effects on the action of the immune microenvironment in

glioblastoma must be established.

To assess the effects of IL-1 loss on BBB permeability, I utilized a Hoechst dye-based assay
and compared the response to pharmacological inhibition of VEGF signaling, a technique that has

been shown to reduce BBB permeability in the past'”

. The results of this experiment demonstrated
comparable restoration of BBB integrity between the two groups, but no synergism when IL-1R1

ablation and VEGF inhibition were combined. Overall, this suggests that IL.-1 inhibition may offer

similar anti-edema effects to those afforded by inhibition of VEGF signaling.

To expound on the BBB restoration observed in IL-1R1 ablated mice, I next strove to
demonstrate a reduction in edema in IL-1 ablated mice and used complimentary MRI, serial
histology, and wet/dry measurement of brain tissue weight at endpoint. Each of these techniques
showed a reduction in edema formation in N#-a/1/1a/ b’ mice when compared to N#-a mice. The
effects were similar in N#-a/I/1b’" mice suggesting that IL-18 may be the driver of this effect. This
result implicates BMDM directly to the development of cerebral edema in glioblastoma since they
are the primary producers of IL-18 in the tumor microenvironment. Considering the collection of
clinically approved drugs for specific IL-1 signaling inhibition, and the demonstration that IL-183

inhibition reduces edema formation in traumatic brain injury, IL-1 signaling inhibition warrants
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additional investigation in the context of management of glioblastoma-associated cerebral

edem3298’303.

Once I was able to demonstrate that IL-1 signaling inhibition reduces edema formation in
tumor-bearing mice, I was next interested if IL.-1 inhibition would result in the decrease in response
to radiotherapy observed following dexamethasone administration'”. T assessed both genetic
ablation of IL.-1 ligands as well as pharmacological inhibition of IL-1 with gallium nitrate in
combination with radiotherapy. These experiments demonstrated that both approaches do not
reduce the efficacy of radiotherapy. In fact, the inhibition of IL-1 signaling lead to near significant
increases in median survival compared to control groups when combined with radiation. These
effects suggest that inhibition of tumor-associated macrophage activity through suppression of 1L-1
signaling not only causes a reduction in edema but may also reduce the treatment resistance

provided by tumor-associated macrophages in glioblastoma.
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Chapter 4: Conclusions and Future Directions
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4.1 Conclusions

Glioblastoma is perhaps the most uncompromising cancer and limited therapeutic
improvements have been made over the past fifty years®. A significant contributor to this lack of
progress is the heterogeneity with respect to the molecular drivers of glioblastoma development, the
cellular heterogeneity, and the necessity and complexity of the organ in which these tumors
occur®. The model systems that have been widely employed for preclinical investigation of
glioblastoma over the past few decades neglect facets of this complexity and likely have contributed
to the lack of progress in improving patient outcomes. To this end, the overarching goal of this
project was to develop improved mouse models of glioblastoma and to use these models to answer
human disease-relevant questions. I strove to design and validate subtype-specific and
immunocompetent murine models of glioblastoma and to use these models to dissect the role that
tumor-associated macrophages play in the development of cerebral edema. My hope was that the
improved murine models would allow me to identify an alternative therapeutic avenue to

dexamethasone for the management of glioblastoma-associated cerebral edema.

Chapter 2 outlines my progress towards designing and validating novel and
immunocompetent subtype-specific mouse models of glioblastoma. In total, I was able to establish
three models in this chapter, each of which with a specific and unique driver mutation: a model of
human Proneural glioblastoma driven by PDGEFB-overexpression, a model of human Mesenchymal
glioblastoma driven by NF1-silencing, and a model of human Classical glioblastoma driven by
expression of the constitutively active EGFRVIII receptor (Figure 4.1). Profiling of these murine
tumors on the molecular level with quantitative-PCR and immunohistochemistry established that
they were similar to their human counterparts. Moreover, this analysis demonstrated that the murine

tumors displayed differences in tumor-associated macrophage presence that are seen between
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Figure 4.1. An illustrative summary of the results obtained in Chapter 2. Mouse models of
human Proneural, Mesenchymal, and Classical glioblastoma were generated by introducing
oncogenic alterations in PDGFB, NF1, or EGFR respectively. Clustering of murine tumors and
their corresponding human counterpart with principle component analysis illustrated that the

models recapitulate the expression profile of the human tumors they are meant to emulate.
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subtypes in human tumors®”. Assessment of response to the current standard of care TMZ and
radiotherapy indicated that there may be differences in response to TMZ between subtypes; a result
that should be considered clinically. Finally, I chose to test the efficacy of the burgeoning
immunotherapeutic strategy of PD-L1 inhibition in PDGFB-overexpressing and NF1-silenced
tumors and obtained results that are similar to what has been seen so far in clinical analyses. These
results in total indicate that these murine models offer excellent tools for preclinical studies in
glioblastoma; particularly those that are interested in subtype-specific differences or those that are

interested in immune-related phenomena.

Chapter 3 discusses the results I obtained in my effort to discover an alternative to
dexamethasone for the management of glioblastoma-associated cerebral edema. In this section, I
chose to use the PDGFB-overexpressing mouse model that I had demonstrated in Chapter 2 to
have impaired BBB integrity. Since this is a hallmark of edema development, I thought this tool
would be well suited for 7z vivo investigations of the mechanism of edema development in
glioblastoma. In this section, I first established a direct connection between dexamethasone and I1.-1
signaling with zz vitro, ex vivo, and in vivo model systems. Once established, I probed the ability of
specific IL-1 inhibition to phenocopy dexamethasone treatment with respect to restoration of BBB
integrity and reduction of edema development. These experiments illustrated that ITL-1 inhibition is

nearly as efficacious as dexamethasone for this purpose.

In this section, I additionally demonstrated that dexamethasone treatment impairs the ability
of peripherally-derived immune cells to infiltrate into PDGFB-overexpressing tumors. IL-1 signaling
inhibition was similarly efficacious in reducing the infiltration of myeloid cells, but with less
impairment of lymphoid cell chemotaxis. These results will be important to consider as T cell-based

immunotherapies become more prevalent for the management of glioblastoma. The mechanisms of
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dexamethasone and IL-1 inhibition in reducing immune cell chemotaxis were shown to be
overlapping, but unique. Both modalities were shown to alter chemokine production by the tumor;
however, dexamethasone treatment is likely to also impact the association of circulating immune

cells with the wall of the blood vessel and thus inhibit the initiation of extravasation.

The final experiments of this section investigated the impact of IL-1 signaling inhibition
either genetically or pharmacologically on the efficacy of radiotherapy. Previous results indicated that
dexamethasone impairs response to radiotherapy and prompted my interest in finding an alternative
therapy for edema management'”. I showed that inhibition of I1.-1 via either mechanism does not

impair response to radiation and may enhance its efficacy. These results merit further investigation.

Opverall, Chapter 3 provided evidence supporting a novel connection between IL-1, BMDM,
and edema development in glioblastoma (Figure 4.2). Furthermore, the establishment of IL-1 as a
downstream effector of dexamethasone had not been previously reported. The effectiveness of 1L-1
neutralization in managing edema coupled with its lack of impairment of radiotherapy efficacy
establishes it as a prime candidate as the replacement of dexamethasone for this purpose. Moreover,
this work suggests that specific anti-inflammatory modulators offer attractive therapeutic alternatives
to steroids and will allow for the development of precision therapies for a wide array of

inflammatory conditions.
4.2 Future Directions

Science is like the hydra of Greek mythology. Each experiment is a head of the hydra. As the
results come in, it is as if the head of the hydra is severed and two more sprout in its place. The
beauty of this process is that well performed experiments will always drive the formation of new
questions and lead to exciting further avenues of research. This project represents the completion of

a handful of experiments and puts forward suitable conclusions that can be drawn from the
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Figure 4.2. A graphical summary of the results presented in Chapter 3. This illustration depicts
the production of interleukin-1 by bone marrow-derived macrophages in the glioblastoma tumor
microenvironment and the promotion of edema by this cytokine. Dexamethasone is shown to block

interleukin-1 production and thereby reduced the development of edema.
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results. Many questions remain and this section will discuss routes of investigation that should stem

from this work.

In the immediate future, further development and improvement of the murine models
developed in this project will allow for more productive, accurate, and specific modeling of the
human disease. The RCAS system allows for the combination of numerous genetic lesions to
generate tumors. Expansion of the repertoire of RCAS viruses available for injection will allow for
the modeling of more types of glioblastoma. For example, I have shown data here regarding the
similarity between the PDGFB-overexpressing murine tumors and human Proneural tumors. In the
human Proneural subtype, there are also frequently mutations in the enzyme IDH1**. Addition of
an IDH1 mutant RCAS plasmid has allowed for the assessment of a more specific subclass of
Proneural-like tumors***. An immediate comparison of the immune microenvironment and
response to therapy in IDH1 wildtype and mutant PDGFB-overexpressing murine tumors would be
a logical next step in model development. Furthermore, these models will allow for the preclinical

assessment of precision therapies targeting IDH1 mutant tumors.

In addition to IDH1 mutations, there are a slew of additional genomic alterations present in
human glioblastoma. More significant alterations will likely be uncovered through analysis of a larger
dataset of human tumors as well. With the RCAS system, it is possible to rapidly synthesize and
validate plasmids to model these alterations in mice. A logical next step towards the expansion and
improvement of the RCAS system presented in this work will be to identify and model additional
genetic lesions present in human tumors as well as determine the effects of these mutations on
response to therapy as well as the composition of the immune microenvironment. Expansion of the

RCAS repertoire will allow for interrogation of more specific subclasses of glioblastoma than have
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already been established and will provide an excellent pathway towards development of precision

therapeutics.

Another immediate goal of this research will be further optimization of the EGFRvIII
model presented in Chapter 2. Although I have presented data here indicating the similarities
between these murine tumors and their human counterparts, the utility of this model is still lacking
due to the length of time necessary for tumor development following injection. In many cases
tumors do not develop until over 100 days following injection and mice injected on the same day
will develop tumors over a span of weeks. This limits the ability to test therapeutic regimens in these
mice. To expedite and narrow the window of tumor development, I have developed and begun to
validate an RCAS plasmid for overexpression of EGF, the ligand to EGFR. As demonstrated with
the PDGFB-overexpressing model, ligand overexpression in mice can recapitulate the phenotype
observed following receptor amplification or activation in human tumors. Perhaps EGF-

overexpression will similarly emulate constitutive EGFR activation in human EGFRvIII tumors.

In the longer term, attractive future directions in analysis of these murine mouse models will
employ high dimensional techniques like cytometry by time of flight (CyT'OF) and single-cell RNA-
sequencing to describe the subtype differences in immune microenvironment in higher resolution.
CyTOF allows for analysis of upwards of thirty cellular markers simultaneously compared to the
four markers used in the flow cytometry experiments in this work. Analysis of the subtype-specific
mouse models with CyTOF will demonstrate more specific subpopulations of immune cells within
each tumor subtype. It will allow for the assessment of differences in immune cell profile generated
by different driver mutations and will validate if the models presented here show similar changes to
what is observed between different human subtypes'”. I hypothesize that there are further subsets of

myeloid and lymphoid cells beyond what I have studied in this work and what has been shown with
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traditional flow cytometry that will display correlations with positive and negative prognosis. These
subsets could possibly be targeted or leveraged therapeutically. CyTOF provides the best technique

to identify these subsets and will lay the groundwork for their analysis with other techniques.

The only drawback of CyTOF is that it only allows for sorting of cells into different
populations and falls short of identifying the expression profiles of these cellular subsets. Single-cell
RNA-sequencing will allow for changes in expression profile to be demonstrated. Combining single-
cell RNA-sequencing with subtype-specific CyTOF analysis will allow for the expression profile of
the cellular populations within the tumor to be identified and overlaid. This analysis should elucidate
not just which specific populations are prevalent within each subtype, but also what alterations they
demonstrate relative to baseline cells and which pathways relevant to these subsets are the most
attractive to target therapeutically. In theory, this combined analysis should allow for direct
modulation of the tumor microenvironment with pharmacological interventions. Populations of
cells shown to be positive prognostic factors can be enhanced while populations shown to have
significant detrimental effects can be eliminated. The main challenge with this methodology will be

merging and making sense of the incredibly large datasets generated with these two techniques.

In Chapter 3, I was able to interrogate IL-1 as a therapeutic target for the management of
glioblastoma-associated cerebral edema. Furthermore, I established for the first time a connection
between macrophages and cerebral edema in glioblastoma. This work stopped short of defining a
precise mechanism of this relationship and additionally was unable to provide an attractive
pharmacological modality for targeting IL.-1 to relieve edema. The future directions of this project

should address these shortcomings.

I chose to investigate edema in the PDGFB-overexpressing model due to its previous

utilization for the purpose as well as my work that indicated impaired BBB integrity in mice bearing
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these tumors'”**"". In human patients, all subtypes of glioblastoma display edema development and
in all cases, it is managed by dexamethasone. The subtype-specific mouse models offer an excellent
tool to interrogate differences in edema development and management between the subtypes. First,
I would assess the propensity for edema development in each of the subtype-specific mouse models
described in Chapter 3. If all subtypes displayed edema development, I would next characterize the
response to dexamethasone in each. Since the proportion of BMDM and MG is different between
the subtypes, this analysis will provide evidence if the effects of dexamethasone are BMDM-
dependent as suggested by my work in PDGFB-overexpressing tumors. Since the impairment of
radiotherapy efficacy by dexamethasone has only been established in PDGFB-overexpressing

murine tumors, I would also immediately assess if this phenomenon is present in all the subtypes.

Ablation of IL-1 signaling and assessment of edema in each of these model systems
according to the protocols outlined in this work will establish whether specific inhibition of IL.-1
signaling is only efficacious in PDGFB-overexpressing tumors, or if the effects are broadly
applicable to all subtypes. Furthermore, due to the different immune cell compositions between the
tumor subtypes, this analysis will llustrate if IT.-1 ablation is dependent upon BMDM comprising
the majority of the tumor-associated macrophage population as suggested by the data in Chapter 3.
Preliminary data also indicates that IL-1 signaling is differentially involved between human and
murine subtypes of glioblastoma. Assessment of IL.-1 genetic ablation in each of the murine
subtypes will assess in which subtype it is likely to be the most efficacious or if the effects translate

across subtypes.

In addition to these genetic experiments, I would work on optimizing pharmacological
inhibition of IL-1 in each of the mouse models. Gallium nitrate was shown to have similar results to

genetic ablation of IL-1; however, pharmacokinetics and pharmacodynamics of the drug 7z vivo have
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yet to be established. Furthermore, the penetrance of gallium nitrate into the brain has not been

evaluated. If it is to be considered as therapeutically relevant for the management of cerebral edema,
its ability to get into the brain must be established. I also have yet to analyze the efficacy of the slew
of other I1.-1 inhibitors that are utilized clinically®. Although the majority of these are recombinant

proteins and may display limited BBB penetrance, their efficacies should still be assessed.

Considering the nature of currently established pharmacological inhibitors of IL.-1 signaling
and their likely limited penetrance of the BBB, the development of novel, small molecule-based
inhibitors would be attractive for the management of IL.-1-based neuroinflammation. As a longer-
term goal of this project, high throughput screening for small molecule lead compounds that inhibit
IL-1 should be performed. Any leads could then be screened and optimized for potency, metabolic
profile, toxicity, and BBB penetrance. A potent, small molecule-based IL-1 inhibitor is likely to have
commercial relevance outside of edema management since IL.-1 inhibition has already been

established as therapeutically relevant in other diseases™®

. Therefore, identification of compound
with these characteristics using high throughput screening will generate intellectual property with

significant value.

As another longer-term goal, the precise mechanism underlying the promotion of edema
development by macrophages should be elucidated. It is clear from my results that both
dexamethasone treatment and IL-1 ablation inhibit the chemotaxis of BMDM into PDGFB-
overexpressing tumors. In both cases, a reduction in BBB permeability and edema formation is
observed. This implies that there may be a direct connection between BMDM infiltration and edema
development in glioblastoma; however, I did not directly establish this connection. To conclusively
derive this connection in future experiments, strategies to deplete circulating monocytes could be

employed. A genetic approach for this would involve expressing the diphtheria toxin receptor
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(DTR) only in circulating monocytes, perhaps under control of the CCR2 promoter, and
administering diphtheria toxin (DT) to specifically ablate the cells. If performed following tumor
development, this strategy would allow for the inhibition of BMDM chemotaxis to the tumor
through ablation of their precursor cells. Depletion of the cells could be confirmed with flow
cytometry-based analysis of circulating immune cells as well as whole tumor analysis as performed in
this work. Immunohistochemistry for IBA1 could be employed as a complimentary approach. The
formation of edema in mice administered DT could be compared to mice administered vehicle with
the wet/dry assay or MRI. If mice administered DT had a reduction in edema, compated to vehicle-
treated mice, a direct connection between BMDM infiltration and edema development would be
established. Pharmacological depletion of circulating monocytes with clodronate would allow for

assessment of this phenomenon with an alternative method.

It is also possible that modulation of the expression profile of BMDMs in glioblastoma is
responsible for the anti-edema effect afforded by IL-1 ablation and not inhibition of chemotaxis. To
address this hypothesis, flow cytometry could be employed to isolate pure populations of tumor-
associated BMDM from wildtype and IL-1-ablated mice. RNA-sequencing on these cells could
illustrate what genes are differentially regulated in the cells between the two groups. Macrophages
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are known to produce vasoactive factors that influence vessel permeability”™”. This experiment would

elucidate whether these factors are differentially regulated when ILL-1 signaling is ablated.

Another approach to this experiment would be investigating the anti-edema efficacy of other
pathways known to modulate the behavior of macrophages. PD-L1 inhibition has not been
demonstrated to alter BMDM chemotaxis in glioblastoma; however, it has been shown to alter the
activation of tumor-associated macrophages in other cancers™. Direct assessment of the

development of edema in PD-L1 wildtype and knockout tumor-bearing mice using the
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methodologies presented here would illuminate what effect macrophage activation has on the
development of edema. Furthermore, if PD-L1 neutralization were shown to effect edema
development, comparison of the pathways altered between IL-1-ablated and PD-L1-neutralized

mice would provide candidate pathways responsible for macrophage-associated edema development.

Opverall, this work outlines improved preclinical models for glioblastoma research and
establishes that these models are attractive for the development of immunomodulatory therapies. I
emphasize that adoption of these mouse models will improve the translatability of compounds
assessed in preclinical studies. Future work will further hone these models to address more specific
questions and molecular alterations. My results illustrating II.-1 as a mediator of glioblastoma-
associated cerebral edema provide rationale for targeting this pathway in lieu of administering
dexamethasone. Additional work must be performed to establish the precise mechanism through
which IL-1-ablation reduces edema. These results will guide further development of therapies that
target this pathway and will establish their suitability for human trials. Regardless, the rationale is

strong to move IL.-1-targeted therapies forward in the treatment of glioblastoma.
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