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Lay Abstract

Glioblastoma (GBM) remains an aggressive and incurable brain cancer despite
decades of intense research. Treatment failure is due to the untargeted approaches
currently undertaken in the clinic. The current work uses multiples methods to interrogate
how GBM grows and develops over time. Using GBM samples from consenting patients,
| investigated an important population of the tumor using a surface marker CD133 and
CRISPR to study which genes influenced it. | then successfully validated SOX2 as a direct
regulator of CD133 expression. Next, | combed multiple data sets for a target to kill GBM
cells without harming healthy tissue in patients. | found Glycoprotein Non-Metastatic
Melanoma Protein B (GPNMB) to be exploitable and used several experimental methods
to investigate its role in GBM progression. Finally, we used a novel immunotherapy to
eliminate cells which express GPNMB. Together, these findings could apply to the
broader field of stem cell biology and be used for a more targeted method to eliminate the

cancer entirely.
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Abstract

Glioblastoma (GBM) remains the most aggressive primary brain tumor in adults.
Since 2005, Standard of Care (SoC) consists of surgical resection followed by radiation
and adjuvant chemotherapy with temozolomide. Treatment failure is attributed to
intratumoral heterogeneity with populations capable of mechanisms to repair damaged
DNA. Given the lack of progress to improve patient outcomes, the current work
encompasses how multi-omic approaches can be utilized to uncover novel biology in
GBM and develop precision medicines to exploit these cancer specific phenomena.

Using patient derived GBM samples | first used the surface marker CD133 to
interrogate glioblastoma stem cells, a subpopulation of cells identified to withstand
conventional therapies and lead to tumor relapse. | used a genome-wide CRISPR-Cas9
library to conduct an unbiased loss-of-function phenotypic screen to identify regulators of
CD133. I then validated SOX2 as a direct transcription factor to PROM1 encoding CD133.
These findings further show the untapped potential of CRISPR to uncover novel biology
to directly apply to broader fields of stem cells and cancer biology.

Next, | combed GBM data sets at transcriptomic and proteomic levels to identify
understudied proteins as potential targets for immunotherapies. Glycoprotein
nonmetastatic melanoma protein B (GPNMB) has previously been identified as a clinically
relevant target in GBM and shown to be active in the tumor immune microenvironment. |
found GPNMB to be upregulated in recurrent GBM and macrophage populations which
can be exploited in a more comprehensive manner to treat GBM. Through a series of
models, | elucidated how GPNMB influences GBM biology, its effectiveness as a target

for Chimeric Antigen Receptor T-cells, and how it can be paired with CD133 therapies to



Ph.D. Thesis - N. Savage; McMaster University - Biochemistry.

provide better coverage of tumor cells. Together, these studies highlight how advances
in pre-clinical models and technologies can be leveraged to develop new therapies in a

rational manner.
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Chapter 1: Introduction

Section 1

Clinical Characteristics - Standard of Care and Disease Prognosis

Glioblastoma (GBM) is a highly aggressive tumor which originates within the brain
(Louis et al. 2021). Its incidence is low compared to other cancers, affecting less than 5
per 100,000 citizens in North America, but its rapid progression typically results in death
within 16 months of diagnosis and a patient 5-year survival rate of only 5% (Lin et al.
2021, Tran et al. 2010). Until recently, tumor grading of central nervous system (CNS)
cancers relied strictly on histological features. GBM is identified by marked
hypercellularity, nuclear atypia, microvascular proliferation, and necrosis (Alessio
D’Alessio et al. 2019). The advent of personalized genetic tests has added a powerful
dimension to diagnosis. In 2021, the Consortium to Inform Molecular and Practical
Approaches to CNS Tumor Taxonomy (cIMPACT-NOW) updated the CNS tumor
classifications to remove all isocitrate dehydrogenase (IDH)-mutants from GBM to classify
them as IDH-mutant astrocytomas (Louis et al. 2021b). Other genetic identifiers of GBM
include: TERT promoter mutation, EGFR amplification, and chromosomes 7 and 10 copy
number changes (Louis et al. 2021b).

Once diagnosed, GBM patients typically undergo the Stupp protocol which has
become the current Standard of Care (SoC) consisting of surgical resection, fractionated
radiation therapy and adjuvant temozolomide (TMZ) (Stupp et al. 2005). GBM can arise
anywhere in the brain but typically occurs in the supratentorial region (Larjavaara et al.
2007). If operable, surgical resection is the most effective intervention to prolong patient

survival times (Incekara et al. 2020). However, due to the highly infiltrative nature of GBM,
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tumor cells escape beyond the margins of resection requiring the subsequent TMZ and
radiation. Radiation is commonly administered over six weeks (2 Gy per day, Monday to
Friday) for a total dose of 60 Gy (Stupp et al. 2005). TMZ is a prodrug derivative of
dacarbazine, an alkylating chemotherapy given to melanoma and Hodgkin’s lymphoma.
TMZ is orally administered and readily penetrates the blood—brain barrier (BBB) and into
tumor cells due to its lipophilic nature (Wesolowski et al. 2010). Its primary mechanism of
action is to methylate the OG6 site of guanine bases leading to mismatching nucleobases
during DNA replication causing cells to initiate DNA mismatch repair pathways or undergo
cell death (Zhang et al. 2012). MGMT (O(6)-methylguanine-DNA methyltransferase) is a
DNA repair enzyme that plays a critical role in the repair of alkylated DNA damage. The
methylation status of the MGMT promoter has emerged as a significant predictor of
patient prognosis, where patients with methylated promoters have a better prognosis
compared to those with unmethylated MGMT promoter because the methylated promoter
leads to lower MGMT expression, and therefore, decreased ability to repair DNA damage.
The clinical status of MGMT methylation status is determined using a variety of
techniques, including methylation-specific PCR, restriction fragment length
polymorphism, and next-generation sequencing (NGS). Variable methylation status of
MGMT in patients and conflicting reports of how well patients respond to TMZ, radiation
or both according to the MGMT status confounds the ability of it being a routine clinical
decision maker. Therefore, all patients are given the Stupp protocol when appropriate
despite limited clinical advantage. Despite this, GBM inevitably recurs with majority of

tumors recurring within 2cm of the original mass visible by MRI (J Sherriff et al. 2013).
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Molecular Classification of GBM

There is no single cause for therapy failure in GBM. The complexity and resistance
to treatment is partially attributed to cellular and genetic heterogeneity within the tumour
and among patients (Davis et al. 2019, Qazi et al. 2022). The Cancer Genome Atlas
(TCGA) attempted to classify GBM into distinct subtypes to better characterize the
molecular profiles and predict beneficial treatments for patients (McLendon et al. 2008,
Verhaak et al. 2010). In 2008 using over 200 GBM specimens interrogated by DNA copy
number, gene expression, and DNA methylation profiling, TCGA was able to identify the
three most common dysregulated signaling networks: Receptor tyrosine kinase (RTK)
signaling, p53 signaling, and RB signaling. Of the tumors examined, 74% of GBMs
displayed dysregulation in all three pathways suggesting critical roles in tumorigenesis.
Together, these pathways show the tight regulation required for healthy cell division and
multiple junctures at which breakdowns can occur leading to uninhibited GBM
progression.

Receptor tyrosine kinases (RTKs) encompass 20 classes of cell surface receptors
with high affinities for several growth factors, cytokines and hormones (Du et al. 2018).
They play critical roles in regulating cellular processes during normal development but
actively contribute to progression of many cancers when mutations lead to activation of
signaling cascades causing upregulation and/or downregulation of downstream protein
functions (Du et al. 2018). Of the GBMs specimens examined for DNA sequencing, 88%
displayed somatic alterations in RTK pathways lead by EGFR mutations and

amplifications, followed by Phosphatidyl Inositol 3 Kinase (PI3K) mutations, and PDGFRA
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amplifications. Tumor suppressors which inhibit RTK signaling were also identified to be
commonly mutated/inactivated, lead by PTEN and NF1 alterations.

Tumor protein P53, also known as “p53”, are critical proteins for conserving
genomic stability and preventing tumor formation by regulating gene expression
(Mantovani et al. 2019). In GBM, 87% of samples exhibited dysfunctional p53 signaling.
Amplifications in MDM2 and MDM4 (a combined 21% of samples) which inhibit p53 lead
to altered p53 activity, while mutations or deletions in CDOKN2A and TP53 more commonly
lead to inactivation and therefore genomic instability. Altogether, these genomic
alterations contribute to GBM progression and survival by avoiding p53 induced cell death
(Gomez-Manzano et al. 1997).

Retinoblastoma protein (Rb) is another tumor suppressor commonly mutated in
several cancers and was identified in 78% of GBMs. lts role is to prevent excessive cell
growth by inhibiting cell cycle progression until the cell is ready to divide at which point
Rb is phosphorylated to be inactivated. Rb activation occurrs alongside CDK4
amplification in 18% of GBM tumors, while mutations or deletions in P16/INK4A and
CDKNZ2B were the most common events leading to Rb inactivation (52% and 47% of
GBM tumors respectively). The altered function of Rb has several avenues to promote
cell cycle progression and drug resistance in GBM (Biasoli et al. 2013).

Building on the genomic interrogation of GBMs, transcriptomes were examined
and integrated to categorize patients into four manageable subgroups based on gene
expression profiles. From this, Classical, Mesenchymal, Proneural and Neural subtypes

were established (Verhaak et al. 2010).
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The Classical subtype was strongly associated with chromosome 7 and 10
alterations, particularly EGFR amplifications which corresponded with an increase in
EGFR at the RNA level. EGFRVIII mutations were also found in the Classical subtype,
where this mutation results in a truncated extracellular domain of the EGFR receptor
causing constitutive downstream signaling despite an absence of EGF (Batra et al. 1997).
Interestingly, despite TP53 being the most frequently mutated gene in GBM, TP53
mutations were absent in this population of samples. However, deletion of CDKN2A
(encoding for both p16INK4A and p14ARF) was commonly associated with the Classical
subtype and occurred alongside EGFR amplifications. Interestingly, CDKNZ2A deletions
were almost mutually exclusive with other alterations of the RB pathway suggesting
patients could be stratified into distinct cohorts.

The Mesenchymal subtype was most strongly identified by hemizygous deletion of
the chromosome region 17g11.2 which contains the gene NF1 and subsequently lead to
lower transcript levels. Co-mutations of NF1 and PTEN were identified in this GBM
subtype, and with both being instrumental in the AKT signaling pathway can potentially
be used to stratify patients into cohorts for treatment options. The Mesenchymal subtype
also exhibited higher RNA levels of mesenchymal markers such as CHI3L1/YKL40 and
MET, previously proposed by Phillips et al. 2006 (Phillips et al. 2006). Mesenchymal
markers (CD44) and tumor necrosis factor super family members and NF-kB pathway
members such as TRADD, RELB, TNFRSF1A were highly expressed in this subtype
which was attributed to higher overall necrosis and inflammatory infiltrates.

The Proneural subtype was originally suggested to be the subtype with more

favorable patient outcomes (Phillips et al. 2006). However, this group was
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overrepresented by younger patients who can withstand more extensive surgical
resections (Carson et al. 2007) and point mutations in IDH1 (now classified as classified
as astrocytomas which have longer survival times than GBMs (Louis et al. 2021). Beyond
this, amplifications in PDGFR and mutations in TP53 more frequently occurred in this
subtype. Copy number changes of chromosomes 7 and 10 were less common in
Proneural GBMs, although they still occurred in 54% of samples. Other markers included
PIK3CA/PIK3R1 mutations, increased PDGFRA and OLIG2 transcripts, as well as
development genes such as SOX family members and TCF4.

The Neural subtype displayed neuron markers such as NEFL, GABRA1, SYT1 and
SLC12A5. Gene Ontology associated this subtype with neuron projection, and
transmission of axons and synaptic junctures. This subtype remains controversial as its
presence was later proposed to be the presence of normal neuronal tissue along tumor
margins (Wang et al. 2017). However, researchers used pathology slides of GBMs and
found few normal cells present. Also confounding the data was the two normal brain tissue
sample included in the dataset were categorized within the Neural subtype.

This classification system was quickly upended when it was discovered through
single cell RNA-sequencing that all subtypes are represented within a single GBM tumor
(Patel et al. 2014). This finding strengthened the position held by Sottoriva et al. in 2013
that geographically distinct regions of the tumour can be classified into different subtypes
(Sottoriva et al. 2013). Thus, GBMs are dynamic structures, with subtypes varying
spatially and temporally within a tumor (Sottoriva et al. 2013). A landmark paper by Neftel
et al. 2019 reinforced the notion that GBM cells exist in four main cellular states but are

influenced by the tumor microenvironment to exhibit plasticity (Neftel et al. 2019). The
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proportion of cells in each state vary between patients and is influenced by copy number
amplifications of the CDK4, EGFR and PDGFRA loci, and by mutations in the NF1 locus.

Another heavily investigated area by researchers is how heterogeneity present
within GBMs allow tumors to adapt to stresses, with the therapies acting as selective
pressures (Heppner et al. 1983). When GBM inevitably relapses, the recurrent tumour
can vary greatly from the primary tumour (Kim et al. 2015). Recurrence is a term used to
describe the state of cancer after it has been treated and the patient was in remission. In
the case of GBM, recurrence is almost inevitable with most patients experiencing a return
of the cancer between 12 to 15 months after their initial diagnosis (Stupp et al. 2009). As
mentioned before there are several reasons why GBM has a high rate of recurrence. Not
only can the primary and recurrent tumours have distinct genomic profiles, but the
therapies themselves can act as bottlenecks to drive the emergence of treatment-
resistant sub-clones, no longer having mutations in the recurrent tumour that originally
drove the primary tumour (Johnson et al. 2014). Due to the wide spectrum of patient
phenotypes and a continually evolving genetic landscape, the requirement for precision

medicine becomes more urgent as the intricacies of GBM become more evident.

Section 2
Stem Cells

Stem cells are specialized cells unique to multicellular organisms and since their
discovery have become critical to our understanding of developmental biology, aging, and
normal functioning of cells and tissues in the body (Poliwoda et al. 2022). Stem cells are

considered to be "undifferentiated" or "pluripotent”, meaning that they have the ability to
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develop into many different cells types, including bone cells, nerve cells and skeletal
muscle cells (Poliwoda et al. 2022). Stemness refers to the defining characteristic of stem
cells that enable them to differentiate into various types of cells or to self-renew (Aponte
et al. 2017). Stemness can be measured in several ways, including the expression of
certain genes that are the fundamental molecular drivers regulating the balance between
two cell fates (Cai et al. 2004). Stemness can also be measured by the capacity of cells
to form colonies or spheres in vitro, the ability to differentiate into multiple cell types when
induced, or a distinctive set of epigenetic modifications such as specific patterns of DNA
methylation and histone modification (Cai et al. 2004, Wu et al. 2006).

There are two main types of stem cells: embryonic stem cells and adult stem cells.
Embryonic stem cells are derived from the inner cell mass of the blastocyst, a structure
that forms in the early stages of embryonic development (Zakrzewski et al. 2019). These
cells are pluripotent, meaning they can differentiate into any cell type of the body. Adult
stem cells on the other hand are “multipotent”, meaning they are more limited in their
ability to differentiate into specific cell types based on the tissue they are found
(Zakrzewski et al. 2019). Stem cells can be found in all regions of the body such as
embryonic and fetal tissues, umbilical cord blood, and bone marrow (Zakrzewski et al.
2019). In the brain, neural stem cells (NSCs) can be found in the subgranular zone of the
hippocampus, and the ventricular-subventricular zone around lateral ventricles (Bond et
al. 2020).

Embryogenesis refers to the process by which a single cell called the zygote, a
human’s original totipotent stem cell, transforms into a complex multicellular entity

capable of generating all the different cell types and tissues of an individual (Zhai et al.
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2022). During embryogenesis, the process initiates with fertilization, in which the sperm
and egg fuse to form a single cell (the zygote) (Zhai et al. 2022). This cell undergoes a
series of rapid cell divisions which results in the formation of a sphere of cells called the
blastomere (Zhai et al. 2022). The blastomere then undergoes a process known as
gastrulation, in which the cells begin to differentiate into the three primary germ layers:
the ectoderm, mesoderm, and endoderm (Zhai et al. 2022). The ectoderm gives rise to
the skin, hair, nails, and nervous system, while the mesoderm gives rise to the skeleton,
muscles, and circulatory system (Cao et al. 2013). The endoderm gives rise to the lining
of the digestive and respiratory tracts, as well as the liver and pancreas (Yiangou et al.
2018). The formation of these three germ layers is a critical step in embryonic

development, as it lays the foundation for the subsequent formation of tissues and organs.

iPSCs and Yamanaka Factors

Induced pluripotent stem cells (iPSCs) are a type of stem cell that are generated
by engineering a differentiated cell, such as a skin cell, to display stemness with a high
degree of potency. This was first conducted by Dr. Shinya Yamanaka and his team in
2006 whereby mouse fibroblasts were induced to express four transcription factors
(OCT4, SOX2, KLF4 and c-MYC) since called “Yamanaka factors” (Takahashi et al.
2006). Yamanaka factors regulate a delicate balance of gene expressions that are
responsible for determining cell fates. Inducing their function reprograms a mature cell
into an iIPSC (Takahashi et al. 2006). When cells expressing all four factors were

subcutaneously transplanted into nude mice, resulting tumours contained tissues from all
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three germ layers observed in embryonic development (Takahashi et al. 2006). Findings

were later replicated in human cells (Takahashi et al. 2007, Yu et al. 2007).

Formation of the Brain and Rise of SOX2

The formation of the brain during embryogenesis is a complex and highly regulated
process that involves the coordinated expression of thousands of genes and the
establishment of specific patterns of gene expression. From the ectoderm, the
neuroectoderm arises, followed by differentiation into the neural plate and the neural
crest, which goes on to form the peripheral nervous system (Elshazzly et al. 2022).
Another critical event in embryogenesis is the formation of the notochord, a structure that
provides a scaffold for the formation of the neural tube (Elshazzly et al. 2022). This neural
tube eventually differentiates into the brain and spinal cord and is critical for the normal
development of the CNS (Elshazzly et al. 2022). Most notably among these processes,
SOX2 is the Yamanaka Factor to take most direct control of neural stem cells and is
crucial for the maintenance of their pluripotency, and formation of neural progenitor cells
that will go on to generate neurons and glia of the CNS (Kopp et al. 2008). The spatial
organization of these different structures is the result of gradients of a variety of growth
factors leading to highly coordinated signaling pathways, including the Wnt, Hedgehog,
and TGF-beta pathways (Gurdon et al. 2001).

SOX2 (SRY-box 2) belongs to the SOX family of transcription factors, which are
characterized by the presence of a high-mobility-group (HMG) DNA-binding domain
(Schepers et al. 2002). Functional SOX2 is critical for inner cell mass development of

embryos particularly by regulating ectodermal commitment and neuroectodermal
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differentiation (Avilion et al. 2003, Kopp et al. 2008). Its regulation of gene expression is
important for the proper specification and differentiation of various cell types, including
neural stem cells (Kopp et al. 2008). Its ability to be a master regulator of gene
transcription is found in its ability to be a pioneer transcription factor, meaning it can bind
to nucleosome DNA in a closed chromatin structure to initiate chromatin opening
(Dodonova et al. 2020). Recruitment of chromatin remodeling complexes such as
coactivators can greatly increase the rate of transcription of a gene or set of genes in a
highly specific manner (Wegner et al. 2010). Coactivators may have histone
acetyltransferase (HAT) activity to weaken the association of histones to DNA by
acetylating the N-terminal histone tail (Bannister et al. 2011). This provides more space
for the transcription machinery to bind to the promoter which increases DNA accessibility
and subsequent transcription.

SOX2 plays a key role in the biology of NSCs beyond embryogenesis into the
developed adult brain. SOX2 regulates self-renewal and differentiation of NSCs by
interacting with other transcription factors to modulate transcription rates of genes
involved in processes such as responses to environmental stressors (Wegner et al.
2010). For example, SOX2 has been shown to regulate the cell cycle, specifically
inhibiting cyclin-dependent kinase inhibitors to prevent NSCs undergoing cell division
(Marqués-Torrejon et al. 2013). SOX2 has been shown to respond to injury and disease
such as strokes, where it promotes the regeneration of neurons and glia (Lin et al. 2015).
Further research in this area may provide important insights into the regulation of NSC
biology and may lead to the development of new therapies for a variety of diseases and

injuries of the CNS.

28



Ph.D. Thesis - N. Savage; McMaster University - Biochemistry.

Glioblastoma Stem Cells

Stemness can also be used to measure and define a restricted population of cells
in GBM called Glioblastoma Stem Cells (GSCs). Cancer stem cells were first proposed
in 1997 in acute myeloid leukemia (Bonnet et al. 1997). Cancer stem cells share several
characteristics with healthy stem cells, particularly the ability to self-renew a phenocopy
of itself and give rise to a diverse range of differentiated cell types, which go on to produce
the bulk of the tumor (Reya et al. 2001). Therefore, since these cells are credited with
driving tumor growth and generating the heterogeneity of GBMs, understanding their
biology and targeted elimination has been an intense area of focus in research.

SOX2 is expressed at high levels in several types of cancer, including GBM and
used as a marker of GSCs (Gangemi et al. 2009). It is involved in the response to various
environmental signals such as oxidative stress initiating autophagic response to withstand
metabolic stresses, chemotherapy and radiotherapy (Wang et al. 2013). SOX2 has been
shown to regulate the expression of genes involved in the regulation of cell cycle, cell
migration and invasion, and resistance to apoptosis of GBM (Bulstrode et al. 2017, Alonso
et al. 2011, Ferletta et al. 2011). Because SOX2 has been shown to be critical in
maintaining tumorgenicity in GBM, developing therapies to selectively inhibit its activity
has been an enticing option for researchers (Gangemi et al. 2009, Schmitz et al. 2007,
Garros-Regulez et al. 2013). While more research is needed to fully understand the
complex role of SOX2 in GBM, targeting this transcription factor has strong potential.

CD133, also known as Prominin-1, is a transmembrane protein first identified in
1997 as a marker for hematopoietic stem cells (Yin et al. 1997, Miraglia et al. 1997). Since

then it has been used to as a marker of various types of stem cells including NSCs and
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GSCs (Peh et al. 2009, Singh et al. 2004). The overlap of CD133 biology in normal stem
cells and cancer has been shown in various types of cancer, including GBM as well as
hepatocellular carcinoma and colon cancer (Glumac et al. 2018). In GSCs, CD133
expressing cells (CD133+) have been associated with greater proliferation, invasion, and
resistance to therapies compared to their non-expressing (or CD133-) counterparts
(Singh et al. 2004, Wang et al. 2018, Bao et al. 2006, Liu et al. 2006). CD133+ GSCs are
suspected of causing tumor relapse once the therapeutic pressure has been removed
(Tamura et al. 2013). This has made CD133 a valuable target for the development of new
cancer therapies in a variety of modalities. Researchers have developed small molecules
that specifically inhibit CD133+ cells growth (Venugopal et al. 2015). Clinical trials are
underway to determine the efficacy of CD133 targeted therapies in the treatment of
tumors (Wang et al. 2018) but more research is needed to fully understand its role in the
biology of this aggressive cancer.

While the co-expression of SOX2 and CD133 has previously been shown, the
association has been correlative without establishing a direct biological interaction (Song
etal. 2016, Lv et al. 2018, Guerra-Rebollo et al. 2019). Establishing a physical interaction
could help deconvolute their molecular functions and may be invaluable to both cancer

and stem cell biology.

Section 3

CRISPR and Genetic Screens

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is a

powerful tool developed in the early 2010s for editing the genome of prokaryotes and
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eukaryotes alike (Jinek et al. 2012, Ran et al. 2013). It has revolutionized the field of
genetics, enabling researchers to make precise incisions to the genome with
unprecedented speed, accuracy and cost effectiveness compared to earlier technologies
(Wiedenheft et al. 2012). CRISPR works by exploiting the natural defense mechanisms
of certain bacteria to protect themselves from viral infections (Jinek et al. 2012). When a
bacterium is infected by a virus, it retains a piece of the virus's DNA and incorporates it
into its own genome as a CRISPR sequence for future reference, reminiscent of a
human’s adaptive immune system utilizing antibodies (Wiedenheft et al. 2012). The
CRISPR system consists of two main components: a guide RNA (gRNA) and a Cas
nuclease (Pickar-Oliver et al. 2019). The gRNA is a small RNA molecule that is
complementary to the target DNA sequence and guides the Cas enzyme to the precise
location in the genome where the cut is made. There have been several Cas enzymes
identified, each with its own unique functions and properties which can be exploited by
scientists (Pickar-Oliver et al. 2019).

CRISPR screens are a powerful tool for identifying the genetic interactions that
contribute to a disease of interest or biological process such as drug resistance (Shalem
et al. 2014). There are several different types of CRISPR screens, including knockout
screens which involve the complete inactivation of a gene, or activation screens to
increase activity of genes (Boettcher et al. 2015). These have replaced siRNA screens
because of the more dramatic biological effects of complete elimination of gene function
with CRISPR rather than decreased RNA levels of siRNA, and the more targeted

elimination of individual genes compared to homologous RNA transcripts (Boettcher et
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al. 2015). CRISPR screens can be performed in a variety of cell and animal models,
including cultured cells, zebrafish, mice and others (Bock et al. 2022).

A CRISPR screen is conducted by first synthesizing a library of gRNAs
complementary to the target DNA sequences (Bock et al. 2022). When the gRNA library
is introduced into the cell or animal model, the Cas enzyme is guided to the precise
location in the genome to eliminate gene activity (Bock et al. 2022). Following this, the
cells or animals are subjected to a particular experimental condition where the effect of
the gene in relation to the phenotype is measured, and the genes that are essential for
the phenotype are identified (Bock et al. 2022). CRISPR screens have been used to
identify the genetic factors that underlie a wide variety of biological processes and
diseases, including development, immune function, cancer and drug resistance (Bock et

al. 2022).

Section 4

Tumor Microenvironment and Immune Components

GBM is an “immune cold tumor”, meaning it is not very immunogenic. This is due
to the tumor immune microenvironment (TIME) in GBM which consists of complex
interplay between tumour cells, immune populations within the tumour, and other abiotic
factors (Dapash et al. 2021). The TIME can influence the development and progression
of GBM in several ways. For example, certain immune cells such as T cells can recognize
and attack cancer cells, while myeloid immune cells such as macrophages promote
cancer cell survival and growth in certain instances (Ravi et al. 2022). The influence of

each immune population is determined by their abundance and presence of their
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signaling molecules such as cytokines and chemokines to regulate the
intercommunication of cells which plays a critical role in the development and progression
of GBM in patients (Ravi et al. 2022).

The hypoxic niche in GBM refers to areas within the tumour that have low levels
of oxygen (Park et al. 2022). Hypoxia is a common feature of solid tumors and can have
several important effects on cancer cells and the TIME (Park et al. 2022). In GBM, hypoxia
has been linked to both the development of cancer stem cells and resistance to therapy
(Kolenda et al. 2011). Hypoxia has also been shown to promote the production of
angiogenesis factors to stimulate the formation of new blood vessels and support the
growth of the tumor (Nicolas et al. 2019). The lack of oxygen in GBM is also a source of
immune evasion, as hypoxia can inhibit the function of immune cells such as T cells and
promote the recruitment of immune suppressive cells, such as myeloid derived
suppressor cells (MDSCs) and tumor associated macrophages (TAMs) (Park et al. 2021,
Guo et al. 2016). Targeting the hypoxic niche in GBM is a promising approach for the
treatment of this cancer (Tatari et al. 2022).

Tumor-infiltrating lymphocytes (TILs) are immune cells, specifically T cells and natural
killer (NK) cells that have penetrated the TIME (Maddison et al. 2021, Liu et al. 2016,
Sonmez et al. 2022). TlLs are often present at low levels and have been shown to have
a limited ability to recognize and attack GBM cells (Liu et al. 2016, Sonmez et al. 2022).
The proportion of TILs in GBM has been correlated with patient prognosis and response
to treatment with conflicting results although the mechanisms underlying these
associations require further exploration (Han et al. 2014, Gonzalez et al. 2020, Lohr et al.

2014). Enhancing the infiltration and function of TILs in the TIME is a promising approach
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for the treatment of GBM and other types of cancer (Zhenjiang et al. 2014, Nguyen et al.
2014). Overall, TILs play a critical role in the immune response to cancer and are an
important avenue for the development of new cancer therapies.

MDSCs are a heterogeneous population of cells that include immature myeloid cells,
such as monocytes and neutrophils, as well as more mature myeloid cells such as
macrophages and dendritic cells (Chai et al. 2019, Dubinski et al. 2016). They are present
at elevated levels in the blood and tumors of GBM patients and are characterized by their
ability to inhibit the activation and function of T cells, which are important for the immune
surveillance and defense against GBM (Chai et al. 2019). MDSCs can be activated by a
variety of stimuli, including inflammation and exposure to cancer-derived factors (Dubinski
et al. 2016). The role of MDSCs in GBM is complex and not yet fully understood. They
have been shown to exhibit varying biology in a context-dependent manner in GBM (Bayik
et al. 2020). For example, MDSCs have been shown to promote GBM growth and
angiogenesis but have also been shown to have anti-tumor effects by promoting the
differentiation of T cells into anti-tumor effector cells (Lakshmanachetty et al. 2021).
Inhibiting the activation and expansion of MDSCs or reprogramming them to adopt an
anti-tumor phenotype is a viable strategy in cancers but indications are only in preliminary
stages (Peng et al. 2022, Chen et al. 2021).

TAMs and microglia are immune cells also present within the TIME (Yin et al. 2017).
TAMs are a type of macrophage that have infiltrated the tumor and can either have pro-
tumor or anti-tumor functions depending on their activation state and the signals they
receive (Yin et al. 2017). In contrast, microglia are a type of immune cell that reside within

the CNS and are important for the immune surveillance and defense of the CNS (Yin et
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al. 2017). Because TAMs and microglia constitute a large percentage of GBM
populations, targeting them with drugs or other therapies is a promising approach to
reduce the size of GBMs and alleviate the immunosuppressive microenvironment (Fu et
al. 2020, Wang et al. 2022). Blocking the activation of TAMs or reprogramming them to
adopt an anti-tumor phenotype has been shown to be effective in preclinical models of

GBM with multiple clinical trials underway (Wang et al. 2022).

Advances in Immunotherapy and Chimeric Antigen Receptor (CAR) T Cells

Immunotherapy is a type of cancer treatment that seeks to harness the power of
the immune system to fight cancer. Immune checkpoint blockade has made great strides
in treating an assortment of solid tumors, even winning the 2018 Nobel Prize in Physiology
and Medicine (Fennell et al. 2021, Topalian et al. 2014, Huang et al. 2019). Several
studies have shown neoadjuvant blockade of Programmed cell death protein 1 (PD1) can
modulate the GBM microenvironment to enhance anti-tumor responses, elevate
expression of chemokines, increase immune cell infiltrates including more diverse T cell
receptor clonality (Peng et al. 2012, Lee et al. 2021). Clinical trials have provided
tantalizing results for clinicians and patients alike in small settings but the benefit in larger
settings remains to be seen indicating single agent therapies (monotherapies) are unlikely
to provide relief in the near future (Cloughesy et al. 2019, Reardon et al. 2020, Ahmad et
al. 2019). Recent and ongoing clinical trials are attempting to develop new regimens to
combine immunotherapies with existing SoC, but unfortunately are not achieving

significantly improved progression free survival or overall survival (BMS et al. 20193,
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2019b). One confounding factor is the use of corticosteroids such as dexamethasone to
reduce cerebral edema leading to a weakened immune response (Yang et al. 2021).
While antibodies and bi-specific T-cell engager (BiTE) modalities are
advantageous over other methods of intervention due to their lower cost and “off the shelf”
availability, their effectiveness and persistence lack compared to cell therapies (Subklewe
et al. 2021). Adoptive cell transfer (ACT) therapy using T cells, where T cells are
expanded ex vivo and then infused back into a patient have shown promising results in
clinical trials for cancers (Zacharakis et al. 2018). Chimeric antigen receptor (CAR) T cells
(CAR-Ts) are a form of ACT therapy, which involves genetically modifying T cells to
express a CAR, which is a protein designed to recognize and bind a specific antigen on
the surface of cancer cells (Subklewe et al. 2021). CAR-Ts can be administered in as little
as a single dose (Subklewe et al. 2021). Target specificity is critically important for CAR
modalities because once infused into the patient the cells are capable of freely traversing
the entire body of the patient (Benmebarek et al. 2019). When the antigen of interest is
engaged, CAR-Ts will produce perforin and granzyme B to lyse the cancer cells along
with an upregulation of inflammatory markers such as IFN-gamma and TNF-alpha to
recruit additional immune cells (Benmebarek et al. 2019). Provided the target is cancer
specific, CAR-Ts will pass over healthy tissue without engaging or causing tissue damage
(Benmebarek et al. 2019). This modality has been particularly successful in hematological
cancers as the approved medications Carvykti against BCMA in multiple myeloma and
Kymriah against CD19 in acute lymphoblastic leukemia show (Berdeja et al. 2021,
Schuster et al. 2019). However, tumor regression and patient safety of CAR-Ts or other

cell therapies against GBM tumors has yet to be proven to the same degree (Brown et al.
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2015, Brown et al. 2016, O’'Rourke et al. 2017, Liu et al. 2023). CAR-T cells can also have
significant side effects including cytokine release syndrome (CRS) which is a systemic
inflammatory response that causes severe symptoms and neurotoxicity (Cai et al. 2020).
This can affect the function of the central nervous system and ultimately lead to death if
not controlled (Cai et al. 2020).

The first generation of CAR-T cells (or first-generation CARs) were introduced in
the early 1990s (Eshhar et al. 1993). These CAR-Ts contained a single-chain antibody
that was fused to the T cell receptor designed to recognize a tumor associated antigen
and when engaged, activated the T cell to lyse cancer cells in a non-major-
histocompatibility-complex-restricted manner (Eshhar et al. 1993). This approach was
effective in killing cancer cells in vitro but was limited by low persistence (Tomasik et al.
2022). Subsequent generations of CARs have incrementally improved aspects of anti-
tumor activity, persistence in the body, and safety by including the use of multiple
signaling domains, co-stimulatory domains, and the incorporation of additional effector
functions (Tomasik et al. 2022). Fourth-generation CAR-Ts, the latest to be tested in
human trials, are designed to target multiple antigens on cancer cells to provide a more
comprehensive approach to tumor killing and incorporate advanced safety mechanisms
to ensure the CAR-T cells can be rapidly eliminated in the event of severe side effects
such as neurotoxicity (Tomasik et al. 2022). Fourth-generation CAR-Ts are still in

development, but early results clinical trials are encouraging (Duan et al. 2021).
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Section 5

Glycoprotein Non-Metastatic Melanoma Protein B

Glycoprotein non-metastatic melanoma protein B (GPNMB) is a transmembrane
protein overexpressed in several types of cancer, including GBM (Kuan et al. 2006). In
GBM, high levels of GPNMB have been linked to a more aggressive and treatment-
resistant phenotype and to a worse prognosis for patients (Rich et al. 2003, Feng et al.
2020). GPNMB has been shown to play a role in the migration and invasion of cancer
cells, as well as in the suppression of the immune response to cancer (Rich et al. 2003,
Kobayashi et al. 2019). High levels of GPNMB have been linked to inhibition of the
differentiation of T cells into anti-tumor effector cells and contribute to an
immunosuppressive environment (Xiong et al. 2022, Kobayashi et al. 2019). GPNMB
has also been shown to be upregulated along with the expression of immune checkpoint
molecules, such as PD-L1 which can inhibit the immune response to cancer or inhibit T
cells directly through binding with Syndecan-4 (Chung et al. 2019, Chung et al. 2007).

Reasons are yet to be elucidated for why GPNMB localizes to the extracellular
membrane of GBM cells. In triple negative breast cancer heat shock protein 90 (HSP90)
dysregulation causes lysosome membrane fusion with the plasma membrane, causing
an accumulation of GPNMB to be targetable to antibody therapies (Biondini et al. 2022).
Strategies to target GPNMB have centered around monoclonal antibodies to block
GPNMB function, or antibody-drug conjugates (ADCs) to kills cancer cells (Kuan et al.
2010, Chung et al. 2019, Keir et al. 2012).

Attempts to target GPNMB with ADCs rely on the dileucine motif in the cytoplasmic

tail which is commonly associated with functions such as rapid receptor internalization
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(Bonaficino et al. 2003). In the quail ortholog of GPNMB, if either leucine residue is
mutated, GPNMB is retained at the plasma membrane (Le Borgne et al. 2001).
Glembatumumab Vedotin (“GV” or known as CDX-011 or CR011-vcMMAE) as an ADC
has been in clinical trials for recurrent osteosarcoma, melanoma and breast cancer (Kopp
et al. 2019, Ott et al. 2019, Yardley et al. 2015). GV is a fully human monoclonal antibody
against the extracellular domain of GPNMB combined with a highly potent anti-mitotic
agent called monomethyl auristatin E (MMAE) (Pan et al. 2015). When internalized, the
valine-citrulline linker within cellular endosomes, freeing the MMAE toxin to inhibit 8-
tubulin and microtubule structure, causing death (Tse et al. 2006). Although GV has not
been tested in CNS tumors, the clinical relevance for developing immunotherapies
against GPNMB in a variety of cancers is a viable option with human clinical trials already
setting precedent.

In GBM, targeting GPNMB could prove fruitful because expression is displayed by
cancer cells and certain MDSCs of the immunosuppressive microenvironment.
Macrophages exposed to GBM conditioned media increased expression of GPNMB along
with a distinct profile of TAMs (Solinas et al. 2010, Szulzewsky et al. 2015) indication a
conditional expression pattern. Simply put, macrophages can be polarized into different
functional subsets depending on the microenvironment with the two main subsets being
M1 and M2 macrophages degerming their responses to inflammation (Orecchioni et al.
2019). M1 macrophages are pro-inflammatory and are involved in host defense against
pathogens, while M2 macrophages are anti-inflammatory and involved in tissue repair
where GPNMB has previously been implicated (Silva et al. 2018). Therefore,

understanding the role of GPNMB in macrophage function may provide insights into how
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GBM progresses and potential intercommunication between tumor cells and immune
cells. From this, novel therapeutic strategies can be developed to exploit unique biological

processes of cancer.
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Chapter 2: A Novel SOX2-STAGA(like) Transcription Factor Complex Requlates

CD133 and Stemness in Glioblastoma Stem Cells

Preamble
In this chapter, | present an original manuscript describing functional genetic
regulators of CD133 and stemness in glioblastoma using genome-scale CRISPR-Cas9

screening and a series of validation experiments:

Savage, N., Chokshi C., Custer S., Danis E., Venugopal, C., Brown, K. R., Moffat, J., &
Singh, S. K. A Novel SOX2-STAGA(like) Transcription Factor Complex Regulates CD133

and Stemness in Glioblastoma Stem Cells.(manuscript in preparation)

Author contributions are as follows for the aforementioned manuscript: Conceptualization:
N.S, S.K.S, J.M, and C.C; Resources: S.K.S, and J.M; Methodology, Investigation and
Validation: N.S, and S.C; Software and formal analysis: C.C, E.D, K.R.B; Visualization:
N.S, C.C, E.D, C.V; Writing — original draft preparation: N.S; Writing — review and editing:
N.S, C.C,S.C,E.D,C.V,K.R.B, J.M, S.K.S; Project administration and supervision: S.K.S
and J.M; Funding acquisition: S.K.S and J.M. All authors read and approved the

manuscript.

| present data summarizing our findings from the genome-wide CRISPR-Cas9

screens. Together, we explore the functional drivers of CD133 and stemness in patient-

derived GBM models and uncover novel interactions. These analyses map the

41



Ph.D. Thesis - N. Savage; McMaster University - Biochemistry.

overlapping biology between healthy neural stem cells and cancerous glioblastoma stem
cells. Mechanistically, eliminating SOX2 and histone acetyltransferase components
reduces CD133 levels due to general transcription machinery no longer being recruited

to the promoter region of PROM71 for efficient gene transcription.
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Abstract

Functional genomics was empowered by CRISPR to scale genome-wide screens
to determine how phenotypes of interest arise. CD133, a pentaspan transmembrane
glycoprotein encoded by PROM1, is the most used surface marker to identify cancer stem
cells. However, its function is still unknown, and regulation remains undetermined. Using
patient derived glioblastoma stem cells we conducted a large-scale loss-of-function
phenotypic screen using CRISPR-Cas9 to identify regulators of CD133. We validated
SOX2 as a direct transcription factor binding to PROM1. These findings further show the
untapped potential of CRISPR screens to uncover new biological insights into phenotypes
of interest. These findings may have broader implications for the fields of stem cells and

cancer biology.
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Introduction

Glioblastoma (GBM) is a highly aggressive form of brain cancer that is often
resistant to current therapies, making it difficult to effectively treat and manage (Louis et
al. 2021). Its dismal prognosis is attributed to Glioblastoma Stem Cells (GSCs) that
possess the ability to self-renew and differentiate into multiple cell types which can
contribute to tumor growth and recurrence. GSCs can be identified by the surface marker
CD133, a pentaspan-transmembrane glycoprotein, and have been shown to be the
chemo- and radio-therapy resistant population (Singh et al. 2004, Bao et al. 2006, Liu et
al. 2006). Therefore, CD133 has been considered a promising target for the development
of novel therapies for GBM (Venugopal et al. 2015, Vora et al. 2020). Herein, we define
CD133+ populations as cells with the detectable AC133 epitope (Campos et al. 2011).
One potential approach to improving patient outcomes is to identify specific regulators of
GSCs, as targeting their regulators may provide a means of selectively targeting and
eliminating the cancer cells.

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) is a
powerful genome editing tool that can be used to manipulate targeted genes and identify
specific involvement in the development of a wide range of biological processes (Ran et
al. 2013). Genome-wide CRISPR screens are a high throughput tool capable of analyzing
the role of thousands of genes in complex biological systems, where genes can interact
with one another to regulate a particular phenotype including the maintenance of GSCs
(Shalem et al. 2014). The results of these screens can provide valuable insights into

underlying molecular mechanisms and help to identify new therapeutic targets for cancer.
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SRY (sex determining region Y)-box 2, commonly known as SOX2 is a
transcription factor that has been extensively studied in stem cell populations (Novak et
al. 2020). SOX2 is a member of the SOX family of transcription factors, which play key
roles in embryonic development and stem cell maintenance(Novak et al. 2020). In GSCs,
SOX2 has been shown to be involved in self-renewal, differentiation, and cell survival
(Gangemi et al. 2009). Studies have demonstrated that SOX2 is often overexpressed in
GBM and that increased expression of SOX2 correlates with a more aggressive tumor

phenotype and a worse prognosis for patients (Berezovsky et al. 2014). SOX2 regulates

the biology of GSCs through associations with other signaling pathways and transcription

factors such as Wnt and Notch pathways, to regulate stem cell self-renewal and
differentiation (Berezovsky et al. 2014). Additionally, SOX2 has been shown to interact
with other transcription factors, such as Oct4 and Nanog, to regulate the expression of
key stem cell genes (Lopez-Bertoni et al. 2015, Bradshaw et al. 2016. Understanding the

role of SOX2 in GSCs is an important dimension to the development of new therapies for
GBM.

Activity of transcription factors is regulated by complex networks of interactions
with other proteins such as the availability of cofactors that are necessary for efficient
gene transcription (Stallcup et al. 2020). Histone acetyltransferases (HATs) are a group
of enzymes that catalyze the transfer of an acetyl group from acetyl-CoA to specific lysine
residues on histones, which are proteins that help package and compact DNA into the
nucleus of a cell (Marmostein et al. 2014). This process, known as histone acetylation,
leads to the relaxation of the chromatin structure and the promotion of gene transcription,

the first step in the synthesis of a functional RNA molecule (Marmostein et al. 2014).
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Therefore, coactivators could provide promising therapeutic targets in the treatment of
cancer.

Here we use fluorescence-activated cell sorting, the gold standard for isolating
antibody-labelled cells of interest, to compare CD133+ and CD133- populations of GSCs

to identify the most critical regulators of stemness.

Results

Identifying Requlators of CD133 Surface Expression

Patient derived GSC lines established in our lab were characterized by flow cytometry
for CD133 surface expression with three of the highest expressing lines being expanded
for functional assays (Figure 1A). Cells were sorted into CD133+ and CD133- populations
to assess their ability to self-renew, or form secondary spheres (Figure 1B, left) and
proliferate (Figure 1B, right). In all patient samples, the CD133+ population exhibited
greater self-renewal capacity (p<0.001) and proliferation (p<0.0001). As BT935 displayed
the highest surface expression of CD133 (the phenotype of interest), it was expanded to
sufficient numbers to conduct a genome-wide CRISPR/Cas9 dropout screen using the
Toronto Knockout Library version 3 (TKOv3)(Figure 1C). A low multiplicity of infection
(MOQOI=0.3) was used to ensure single viral integrations per cell while non-transduced cells
were eliminated using puromycin. 30 million transduced GSCs were plated in triplicate,
translating to a 400+ representation per sgRNA in each replicate to ensure accuracy,
efficiency, and scalability of our findings. GSCs were propagated for a total of twelve
doublings when an unsorted bulk population of cells was sampled for sequencing while

the remaining cells were sorted using flow cytometry into the top and bottom 5%
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percentiles of CD133 surface expression. Approximately 4-5 million cells were collected
in each group. The screen was deemed successful once sequencing reads were aligned
and quality was assured by confirming essential genes dropped out with a high precision-
recall (Figure 1D,E).

DrugZ analysis was used to rank genes according to phenotype-genotype interactions
and distribution of sgRNAs between groups showed positive correlations between
groups, with the greatest discrepancy being between the AC133-high vs. AC133-low
cohorts (Figure 2A). As the phenotype the genome-wide CRISPR screen was based on
was AC133 surface expression, it was important to have the PROM1 gene as a highly
ranked negative interaction hit, which successfully occurred as it was the top gene ranked
of negative regulators (Figure 2B). Comparing the AC133-high population to AC133-low
population, twelve genes met a stringent FDR <5% cutoff for negative interactions with
relation to the CD133 surface expression, while one gene was detected for positive
interactions (Figure 2C).

To validate our dataset further, we performed gene set enrichment analysis
(GSEA) with our top hits and found several morphogenic processes including netrin
activated signaling, glial differentiation, kidney epithelial differentiation and developmental
cell division (Figure 2D). Strikingly, the strong statistical significance of STAGA/SAGA
acetyltransferase components TADA1 and TADAZ2B (#3 and #4 respectively in our DrugZ
ranking) was of interest, due to their relatively unexplored association with embryonic
stem cell regulation. Because our strict parameters analyzing the CRISPR screen
resulted in a short list of gene candidates, we employed the STRING network to identify

protein-protein interactions of our top 50 ranked genes (Figure 2E). Several components
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of transferase complexes were highlighted, including TADA1 and TADAZ2B. Their indirect
yet overlapping association with SOX2 and FBXW?7 in embryonic stem cells lead us to
the conclusion of a previously undefined transcription factor complex in glioblastoma stem
cells. SOX2 is a well-defined transcription factor in GBM, but the direct involvement of

S0OX2 and CD133 in GSCs remains correlative rather than interactive.

Validating SOX2 as a Requlator of Stemness and CD133 Levels

Two sgRNA sequences per gene and one AAVS1 control (17 total) were
individually ligated into plasmid backbones to validate their roles in regulating CD133 and
stemness. For practical reasons, the gene candidates were limited to include CUX1 (the
only positive interaction) and top seven negative interaction genes, using SOX2 as a
cutoff because of its high RNA levels in GBM (Supplementary 1A) and well-known
involvement in stemness of GSCs. The high expression of SOX2 in brain tumors was also
of interest for its localized expression levels Supplementary 1B). The total proportion of
CD133+ cells in GSC populations was measured in biological triplicate (Figure 3A,
Supplementary 1C) and the Mean Fluorescence Intensity (MFI) was also analyzed
(Figure 3B, Supplementary 1D). PROM1 knockouts predictably displayed the greatest
reduction in both phenotypes. Surprisingly, SOX2 knockouts displayed a greater
reduction on CD133 surface expression compared to other genes ranked higher in the
DrugZ ranking, an observation consistent among all examined GSC lines. Of note, while
the CD133% or MFI of BT935 could not reasonably be expected to rise higher than
AAVS1 controls, levels were raised for certain genes in BT954, the naturally lowest

expressing cell line tested.
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Next, the influence of each gene knockout over whole cell CD133 protein levels
was investigated by western blot (Figure 3C, Supplementary 2E) and normalized to
AAVS1 levels. Again, eliminating PROM1 functionally lead to the greatest decrease in
total CD133 protein with SOX2 also displaying dramatic decreases. While CD133 surface
expression (percent and MFI) did not decrease as dramatically as western blot levels, we
attribute this to the CRISPR screen being conducted over the course of one month while
validations only lasted 7 to 12 days between sgRNA transduction and experimental
readouts. We suspect CD133 present at the cell surface at the time of transduction would
have remained after the genes of interest were knocked out. Additionally, validations were
conducted using pooled knockouts instead of deriving clones which could yield more
dramatic changes.

Finally, standard in vitro assays were conducted in all cell lines to examine the role
of each gene relating to stemness independent of CD133 expression. This was done by
measuring the ability of GSCs to self-renew (Figure 3E, Supplementary 1G) and
proliferate (Figure 3F, Supplementary 1H). The role of each gene regarding experimental
readouts varied among cell lines. KEAP1 knockouts exhibited reduced self-renewal and
proliferation in BT935 while similar effects were not consistent in BT954 or MBT103.
SIAH1 and FBXWY7 knockouts showed significant ablation of self-renewal in BT935 and
BT954 but not MBT103 despite marked reductions in proliferative capacities. In addition
to SOX2, the most consistent impact on stemness was exhibited by TADA1 and TADAZ2B.
Knockouts significantly decreased self-renewal and proliferation across all cell lines
indicating an influential role in regulating stemness of GSCs. Confirmation of knockouts

in all gene targets were validated using western blots (Supplementary 2A).
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Mapping SOX2 Transcriptional Requlation Within Glioblastoma Stem Cells

Studies have shown SOX2 contributes to tumor relapse and therapy resistance in
GBM while not being upregulated in recurrent GBM, suggesting that underlying
mechanisms are not fully understood. SOX2 is upregulated in GBM relative to normal
brain tissue (Figure 4A). Our screen was conducted in the context of stem cell enriching
media without therapeutic pressures applied. In this context, we next validated the
correlative trend of reduced CD133 protein with SOX2 knockouts across multiple cell lines
(Figure 4B) with a commercial antibody compatible for CUT&RUN. An improvement of
CUT&RUN over ChlP-seq is that the global chromatin profiling occurs in situ and provides
high resolution in a time-efficient manner. Because the antibody is allowed to bind to the
protein in its native state inside the cells without lysing the cells or sheering the chromatin,
targeted DNA sequences are released into the supernatant to be collected and
sequenced (Figure 4C). After successful alignment of reads with genome-wide mapping
in our H3K4me3 samples (positive control) and few peaks called in our non-binding
antibody samples (negative control) we determined SOX2 binds in the first intron of

PROM1 (Figure 4F).
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Discussion

At present, cancer research is focused on several key areas including
understanding the genetic and molecular drivers of cancer and exploring innovative
treatment options. Despite their differences, there is a growing body of evidence showing
similarities of GSCs and NSCs. In this study, we examined the molecular regulators of
the stem cell marker CD133 in GSCs. We first examined its variable expression among
patients and their primary cell lines. Consistently, the CD133+ population exhibited higher
rates of self-renewal and proliferation compared to their CD133- counterparts. Using our
highest CD133-expressing GSC line we conducted a genome-wide CRISPR knockout
screen to examine regulators of CD133 and stemness therein, in stem cell-enriching
conditions.

As CD133 is a marker of stemness, CUX1 as the sole hit to be identified as a
positive regulator stood out because of its well-known association with morphogenesis
and cell differentiation by binding to DNA to effectively repress transcription in certain
contexts. Another hit indicating the success of our screen was the #2 ranked gene,
KEAP1. KEAP1 (Kelch-like ECH-associated protein 1) is a subunit of Cullin 3-based E3
ubiquitin ligase which regulates the activity of Nrf2 sensing oxidative and electrophilic
stress in cells. Nrf2 (encoded by NFE2L2 ranked #732) is well established regulator of
stem cell self-renewal, proliferation, and differentiation. SOX2 as another top hit is a
transcription factor that plays a critical role in the regulation of stemness in both NSCs
and GSCs with studies showing that SOX2 is upregulated in GBM.

Of our top candidate genes, the transcription factor SOX2 produced the most

dramatic results showing direct influence on CD133 protein and surface expression
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levels. In combination with chromatin modifying subunits TADA1 and TADA2B, SOX2
proved to be essential in the regulation of stemness.

SOX2 is a heavily investigated transcription factor that can be present throughout
the genome. The increased presence of SOX2 in GBM compared to normal tissue
suggested the possibility of heightened activity. To examine the direct position of SOX2
throughout the genome we employed CUT&RUN, a successor to ChlP-seq because of
reduced background noise and absence of crosslinking agents which reduces damage to
DNA, ultimately affecting the results of protein-DNA interactions. Presence of SOX2 was
not detected in the promoter regions of PROM?1, but in the first intron. Transcription factors
are known to bind within introns for a variety of reasons, including regulation of gene
expression, alternative splicing, and regulation of non-coding RNA genes. These
interactions are important for proper gene regulation and cellular function. Introns can
contain enhancer elements that help to regulate gene expression by binding transcription
factors. Because transcription coactivators are critically important in assisting
transcription factors upregulate gene transcription in rapid and specific manner, we
propose the existence of novel complexes that interact to regulate stemness in a cancer

specific context.
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Materials and Methods

Generation of Primary Cell Lines

Human GBM samples were acquired from consenting patients, as approved by
Hamilton Health Sciences and the McMaster Health Sciences Research Ethics Board.
Tumor specimens were processed using previously published protocols (Chokshi et al.
2020). GBMs were then cultured in Neurocult Complete (NCC) media, a defined and
commercially available serum-free neural stem cell medium (STEMCELL Technologies,
Cat#05751), supplemented with human recombinant epidermal growth factor (20ng/mL:
STEMCELL Technologies, Cat#78006), basic fibroblast growth factor (20ng/mL;
STEMCELL Technologies Cat#78006), heparin (2 ug/mL 0.2% Heparin Sodium Salt in
PBS; STEMCELL technologies, Cat#07980), antibiotic-antimycotic (1X; Wisent, Cat#
450-115-EL). Tumorspheres derived from these cultures were expanded on
polyornithine-laminin coated plates for adherent growth until sufficient populations were
acquired for experimental purposes. Passaging consisted of dissociating a 10cm dish
with 1 mL of TrypLE (ThermoFisher Cat. 25200056) for 5 min at 37°C followed by
collection with PBS and centrifugation at 300g. Neural stem cells were derived and

propagated in a similar fashion, as previously published (Suk 2022, STAR Protocols).

Flow Cytometry Analysis and Cell Sorting

Single cell GBM suspensions were generated from adherent cell cultures by
dissociating with 3 mL of TrypLE on 15 cm dishes for 5 min at 37°C followed by collection
with PBS and centrifugation at 300g. Cells were incubated with CD133/2 anti-human, PE-

conjugated antibody (Miltenyi Cat. 130-113-186) at manufacturer's recommended
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concentration for 15 minutes, followed by PBS washing, centrifugation (repeat as before)
and resuspension. The viability dye 7AAD (1:10; Beckman Coulter, AO7704) was used to
exclude dead cells. Cells were sorted using Beckman Coulter MoFlo XDP Cell Sorter with

all flow plots were generated using FlowJo software.

Sphere Formation Assay

Single cells were plated in a 96-well plate at a density of 1,000 cells/200 pL per
well and incubated at 37°C and 5% CO? for five days. Spheres were counted manually
with spheres formed being defined as clusters of three or more cells with no clearly

defined border.

Cell Proliferation Assay

Single cells were plated in a 96-well plate at a density of 1,000 cells/200 pL per
well and incubated at 37°C and 5% CO? for five days. 20 pL of Presto Blue
(ThermoFisher, Cat.A13262), a fluorescent cell metabolism indicator, was added to each
well four hours prior to reading out the assy. Fluorescence was measured using a
FLUOstar Omega Fluorescence 556 Microplate reader (BMG LABTECH) with excitation
and emission wavelengths of 544nm and 590nm respectively. Readings were then
analyzed using Omega analysis software. Proliferation was calculated for each well by
subtracting the average RFI of blank wells from the RFI of individual wells. Mean RFI was

plotted for each well being tested as a side-by-side comparison of proliferation.
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CRISPR sgRNA Lentivirus Library Generation

The TKOv3 lentivirus was produced as previously described (Hart et al. 2017).
Briefly, HEK293T cells were seeded at 9x10° cells per 15cm plate and incubated
overnight. Transfection was conducted with a mixture of psPAX2 (4.8 ug; Addgene
#12260), pMDG.2 (3.2 ug; Addgene #12259), TKOv3 plasmid library (8 ug) and X-
tremeGENE 9 (48 pl; Roche Cat. 6365787001) in Opti-MEM (Gibco Cat.31985070). 24
hours after transfection the media was changed to DMEM with 1% BSA and 1% penicillin—
streptomycin. Virus-containing medium was collected 48 hours after transfection,
centrifuged at 1,500 rpm for 5 minutes and stored at —80 °C. Viral titres were determined
by titration on HAP1 cells where 24 hours after infection the media was replaced with
puromycin-containing medium (1 yg mi~") and incubated for 48 hours. The multiplicity of
infection (MOI) was determined 72 hours after infection by comparing survival of infected

cells with infected unselected and uninfected selected control cells.

Pooled Genome-Wide CRISPR Screen in Glioblastoma Stem Cells

The CRISPR screen was established, where 100x108 cells were transduced with
the TKOv3 lentivirus library at an MOI of 0.3, representing more than 400-fold coverage
per sgRNA after selection with puromycin. Media was changed 24 hours after infection to
puromycin-containing medium (1.2ug/mL). 72hours after transduction, 30x10°
puromycin-selected cells were collected for genomic DNA extraction at starting timepoint,
and 90x10° cells were evenly divided into triplicates (30%10° cells each, 2.5%10° cells per
15cm dish). Passaging subsequently occurred every 7 days (approximately 3 cell

doublings), where 30x10° cells in each replicate were reseeded until the 12" doubling
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(T12) when sorting was performed. A representative portion of the final population of cells
(bulk/unsorted) was collected for sequencing prior to staining for flow cytometry followed
by the top and bottom 5"-percentiles of CD133 surface expression being collected in
cooled flow tubes. Collected cells were centrifuged and stored at -80 °C until genomic

extraction as described below.

Genomic DNA Extraction and lllumina Sequencing

Genomic DNA was extracted from experimental cell pellets using Wizard Genomic
DNA Purification Kit (Promega Cat. A1120). Sequencing libraries were prepared by
amplifying sgRNA inserts using a two-step PCR reaction using primers that include
lllumina TruSeq adapters with i5 and i7 indices. Resulting libraries were then sequenced
on an lllumina HiSeq2500 (RRID: SCR_016383) as previously published (Hart et al.
2017). Each read was completed with standard primers for dual indexing with Rapid Run
V1 reagents. The first 20 cycles of sequencing were dark cycles or base additions without
imaging. The actual 26 bp read begins after the dark cycles and contains two index reads,

reading the i7 first, followed by i5 sequences.

Screen Data Processing and Quality Control

Reads were trimmed by extracting the flanking 20 bp after each 8bp anchor was
found in barcoding primers. A 2 bp mismatch was allowed for the anchor search. After
trimming, a quality-control alignment was performed using Bowtie v.0.12.8 (allowing for a
maximum of 2 bp mismatches) and sgRNAs were quantified. Read counts for all samples

in the screen were combined into a matrix (the percentage of recovered sgRNAs in each
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sample is provided below; recovered is defined as =1 raw read) and normalized by
dividing each read count by the sum of all of the read counts in the sample and then
multiplying by the expected read number (10 million). Fold change was calculated to a
reference sample (T12 unsorted). Calculated fold changes were then used to generate

normalized Z scores using drugZ (v.1.1.0.2).

Generation of Validation Knockout Vectors

Individual lentiviral sgRNA constructs for knockout validations were generated as
follows: Single-stranded sgRNA oligos (sequences provided below) were annealed using
T4 polynucleotide kinase in T4 ligation buffer (NEB, Cat.B0202S) and ligated into BsmBlI
digested (NEB, Cat.R0580), phosphatase-treated (NEB, Cat.M0289S) and gel-purified
modified pLCKO backbones using T4 DNA ligase (NEB, Cat.M0202T). All plasmids were
verified by Sanger sequencing and virus was prepared as described above. GSCs were
transduced with targeted or control lentiviruses by exposure for 24 hours in suspension,
followed by plating cells onto laminin coated dished for an additional 24 hours. 48 hours
after transduction, used media was replaced with fresh NCC media containing puromycin
to eliminate all uninfected cells for 72 hours, at which point validation experiments were

initiated.

Gene sgRNA Sequence Gene sgRNA Sequence

AAVS1 (Control) | GGGGCCACTAGGGACAGGAT | FBXW7 KO-A | AAGAGCGGACCTCAGAACCA

PROM1 KO-A TGAATAGCAACCCTGAACTG | FBXW7 KO-B TGAACATGGTACAAGCCCAG

PROM1 KO-B GGCCCAGTACAACACTACCA | SIAH1 KO-A AAGTTGCGAATGGATCCCAA

KEAP1 KO-A GGGCCGCCTGATCTACACCG | SIAH1 KO-B CGAAGTGTCCACCATCCCAG

KEAP1 KO-B GAGGACACACTTCTCGCCCA SOX2 KO-A GATAAGTACACGCTGCCCGG

TADA1 KO-A ACTGGGCTAACCTAAAGCTG SOX2 KO-B | GGAGCCAAGAGCCATGCCAG
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TADA1 KO-B TGGGCTGGACAATGTCACCG | CUX1 KO-A GTTCAAGAAGAACACTCCAG

TADA2B KO-A GCTGAAGCGCAAGATCACCA CUX1 KO-B GCTGGCCTCACAGATCCAGA

Western Blots

Cells pellets were lysed in RIPA buffer (50mM Tris HCI pH 8.0, 150mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, and 0.1% SDS) containing HALT™ Protease and
Phosphatase Inhibitor Cocktail (ThermoFisher Cat.78440) and placed on an active
nutator in 4°C for 1 hour. Once complete, centrifugation took place at 14,000rcf at 4°C for
10 minutes. Supernatant was collected and protein concentration was determined using
the Bradford method (BioRad). 30ug total protein was loaded in all lanes, and proteins
were resolved on 4%—-12% Novex Bis-Tris gradient gels (Invitrogen) at 100V for 60
minutes and transferred to Immobilon-P PVDF membranes (Millipore) at 200mA for 120
minutes. Membranes were blocked in TBS-T containing 5% BSA for 30 minutes at room
temperature followed by the addition of primary antibodies to be incubated at 4°C on a
rocker at slow speeds. The following morning, membranes were washed repeatedly with
TBS-T followed by incubation with secondary antibodies in TBS-T containing 5% BSA for
60 minutes. After repeated washes in TBS-T membranes were imaged.

Antibodies were purchased and used at the following concentrations: CD133
(Abcam, 19898, 1:5000), KEAP1 (ThermoFisher, 10503-2-AP, 1:2000), TADA1 (Santa
Cruz, Anti-STAF42 sc-398787, 1:2000), TADA2B (Santa Cruz, MB-56 sc-130479,
1:2000), SIAH1 (Novus Biologics, NBP2-20356, 1:1000), SOX2 (Cell Signaling
Technology, D9B8N 23064, 1:5000), Beta-tubulin (ThermoFisher, MA5-16308, 1:5000),

GAPDH (Abcam, ab8245, 1:5000), anti-Mouse IgG Secondary (LICOR, 926-68070,
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1:10,000), anti-Rabbit IgG Secondary (LICOR, 926-32211, 1:10,000), Santa Cruz (m-lgG

Fc BP-HRP sc-525409, 1:10,000).

Online Databses

To incorporate publicly available data sets, the GEPIA2 interface was utilized to
compare correlations of individual genes, or genome-wide gene expression profiles
between GBM specimens of The Cancer Genome Atlas (TCGA) and normal brain tissue
of the Genotype-Tissue Expression (GTEXx) portal as previously described (Tang et al.

2017).

CUT&RUN

Patient derived lines were acquired and propagated as previously described.
CUT&RUN was performed using a magnetic bead-based protocol using CUTANA Kit
(EpiCypher Cat.14-1048) according to manufacturer’s instructions. The magnet was
placed on ice for all steps. Cells were harvested by centrifugation (300g for 3 minutes at
room temperature in a swinging bucket rotor) and washed in ice cold Wash Buffer. One
million cells were added to low binding PCR tubes containing activated beads (in
triplicate) for 10 minutes at room temperature. Cell Permeabilization Buffer consisted of
Wash Buffer containing 0.01% Digitonin. Antibody Buffer consisted of Cell
Permeabilization Buffer containing 0.5M EDTA). 0.5ug of each antibody (SOX2-test,
H3K4me4-positive control, and IgG-negative control) was added to respective tubes and
placed on a nutator overnight at 4°C for incubation. Extracted DNA fragments were

quantified using QubitTM fluorometer and stored at -20°C until library preparation was
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initiated.

Library Preparation, Sequencing and Analysis

Library preps were conducted using NEBNext® Ultra™ || DNA Library Prep Kit for
lllumina according to manufacturer’s instructions. Sequencing libraries were prepared by
amplifying DNA fragments using a 2-step PCR using primers as follows: R1: 5'-[insert]-
AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC...-3'  and R2:  5'-[insert]-
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT...-3'. Resulting libraries were
subsequently sequenced on an lllumina HiSeq2500 (RRID: SCR_016383). Analysis was

conducted using previously published pipelines by Kong et al. 2021.
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Chapter 3: Functional Characterization of GPNMB in Glioblastoma Models

Preamble
In this chapter, | present an original manuscript describing functional role of
GPNMB in glioblastoma using multi-omic approaches and multiple mouse models

revealing novel biology:

Savage, N., Venugopal, C., Mikolajewicz, N., Tatari, N., Chokshi, C., Gwynne, W., Wei,
J., Han H., Kislinger, T., Moffat, J., & Singh, S. K. Functional Characterization of GPNMB

in Glioblastoma Models. (manuscript in preparation)

Author contributions are as follows for the aforementioned manuscript: Conceptualization:
N.S, S.K.S and J.M; Resources: S.K.S, J.M, and T.K; Methodology, Investigation and
Validation: N.S, N.T, C.C, W.G, and J.W; Software and formal analysis: N.S, N.M, H.H;

Visualization: N.S, N.M, H.H; Writing — original draft preparation: N.S; Writing — review
and editing: N.S, C.V, J.M, S.K.S; Project administration and supervision: S.K.S and J.M;

Funding acquisition: S.K.S and J.M. All authors read and approved the manuscript.

| present data summarizing our identification of GPNMB as a tumor associated
antigen and functional validations to studying its biology in GBM. Using CRISPR in patient
derived GBM lines, standard in vitro and in vivo experiments are employed to determine
the role of GPNMB in tumor progression. We use proteomics and immunohistochemistry
to examine expression levels and distribution of GPNMB throughout patient tissue blocks

with the tumor immune microenvironment intact. Multiplexing data at the protein level with
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single-cell RNA-sequencing data to determine the expression levels through different
populations of tumors uncovered the restricted expression in tumor cells and myeloid
cells. Because the limitation of PDX models is the absence of an immune compartment,
this offered the complimentary model of syngeneic models of GBM. We found several
hallmark pathways were perturbed in our CRISPR knockout clones, reflecting the
reproducible data of our models. We also uncovered new biology of how immune

signaling molecules, particularly interferons affects GPNMB.
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Abstract

Glioblastoma (GBM) displays extreme heterogeneity and immune suppression
leading to a dismal prognosis for patients despite decades of intense research.
Glycoprotein nonmetastatic melanoma protein B (GPNMB) has been identified as a
clinically relevant target in GBM and shown to be active in the tumor immune
microenvironment. We found GPNMB to be upregulated in recurrent tumors and its
presence in mesenchymal populations suggests a strong interaction between tumor cells
and the supportive niche which can be exploited. Despite GBM being a cancer with a
relatively low mutational burden, we show the immunologically cold tumor and
immunosuppressive microenvironment is due to an upregulation of interferon response
pathways. GPNMB is ultimately upregulated in macrophage populations (a large
proportion of bulk GBM tumors) to be a negative regulator of the inflammatory signal of
tumor infiltrating lymphocytes. Through a series of models, we show GPNMB to be an

important protein in GBM and its hallmark immune landscape.

69



Ph.D. Thesis - N. Savage; McMaster University - Biochemistry.

Introduction

Glioblastoma (GBM) is the most common primary brain tumor in adults, accounting
for approximately 15% of intracranial tumors (Louis et al. 2021). Once diagnosed, patients
undergo aggressive Standard-of-Care consisting of surgical resection, radiation therapy
and chemotherapy with the alkylating agent temozolomide (Stupp et al. 2005). Despite
this, the median patient survival remains less than 15 months post-diagnosis (Stupp et al.
2005). Therapy failure is attributed to genotypic and phenotypic variances of tumor
populations within and among patients (Meyer et al. 2015). Multiple research groups have
attempted to categorize patients into manageable subtypes based on genetic
characteristics to identify therapeutic vulnerabilities, but a clinically useful system has yet
to be established (Phillips et al. 2006, Verhaak et al. 2010). The Cancer Genome Atlas
(TCGA) attempted to classify GBM into four distinct subtypes to better characterize the
molecular profiles and predict beneficial treatments for patients (Verhaak et al. 2010).
However, this classification system was quickly upended when it was revealed through
single cell RNA-sequencing that all subtypes are present within a single GBM tumor
(Patel et al. 2014). This finding reinforced the notion that geographically distinct regions
of the tumor can be classified into different subtypes (Sottorvia et al. 2013). When the
tumor inevitably relapses, the recurrent tumor can be biologically distinct from the primary
GBM (Johnson et al. 2014, Kim et al. 2015). Thus, GBMs are dynamic structures, with
subtypes varying spatially and temporally within a tumor.

The heterogeneity of GBM may be attributed to glioblastoma stem cells (GSCs).
GSCs can be identified by the expression of CD133 at the membrane surface (henceforth

known as “CD133+” cells) (Singh et al. 2004). These CD133+ cells have been shown to

70



Ph.D. Thesis - N. Savage; McMaster University - Biochemistry.

possess mechanisms allowing them to withstand conventional therapies and lead to
tumor relapse (Bao et al. 2006, Liu et al. 2006). We have previously shown the
administration of therapies targeting CD133 reduces tumor burden and increases survival
times in GBM bearing mice (Vora et al. 2020). Despite the efficacy of therapies, mice
eventually succumbed to tumors. This ultimately means a single therapeutic agent is
unlikely to eliminate all GBM cells and additional targets are required to target CD133-
nonexpressing (CD133-) GBM cells. Glycoprotein nonmetastatic melanoma protein B
(GPNMB) is a transmembrane protein that has been identified as a potential therapeutic
target for the treatment of GBM (Kuan et al. 2006). It has previously been found to be an
unfavorable prognostic marker in gliomas at the protein level (Feng et al. 2020). GPNMB
has been found to be upregulated in a restricted population of GBM cells which displayed
high therapy resistance, increased self-renewal capacity, and mesenchymal gene
signatures (Tejero et al. 2019).

Inflammation is a complex cascade of cellular and molecular processes the body
uses to heal in response to pathogens or physical injury (Saade et al. 2021). A variety of
cytokines and chemokines in the tumor microenvironment attract immune cells such as
macrophages, microglia, and T cells which in turn contribute additional cytokines,
chemokines, and growth factors that promote tumor growth (Saade et al. 2021).
Interferons (IFNs) are a family of cytokines that play a major immunomodulatory function
in GBM by activating signaling pathways that upregulate the expression of IFN-stimulated
genes (ISGs) (Cheon et al. 2014, Zhu et al. 2019). Despite the presence of immune cells
in the tumor microenvironment, this population contains a high number of myeloid-derived

suppressor cells (MDSCs), regulatory T cells (Tregs), and tumor-associated
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macrophages (TAMs), which can contribute to the immunosuppressive microenvironment
within the tumor (De Leo et al. 2021). Understanding their contribution to the complex
interplay between inflammation and GBM could underpin novel strategies to

therapeutically exploit.

Results

Identifying GPNMB as a Clinically Relevant Target in Glioblastoma.

CD133 is also a known marker of healthy neural stem cells (NSCs) (Uchida et al.
2000). To investigate actionable targets specific to CD133- GBM populations, four
primary patient GSC lines and four NSC lines were flow sorted into CD133+/- groups and
sent for RNAseq. The minimum value required to achieve the best normalization among
all samples for all four comparisons (Figure 1A left, Supplementary 1A) was determined
to be a transcript counts per million threshold cutoffs of 3.5. Hallmarks of GBM include
heightened angiogenesis and metabolic rewiring, but beyond that patients can display
vast differences at a molecular level (Torrisi et al. 2022). There was no clear separation
between the CD133+/- GSC groups in the multidimensional scaling and despite the
sample numbers being imbalanced, a list of four genes were identified as significantly
upregulated in CD133- GSCs (Figure 1A, right). From this, GPNMB was identified as the
most statistically significant differentially expressed gene in CD133- GSC populations
(p=0.04). GPNMB transcripts in NSCs fell below the threshold cutoff so comparison could
not be performed between groups. This led us to theorize GPNMB could be a tumor
specific target. TCGA datasets were queried using GEPIA2 (Tang et al. 2019) where it

showed transcript levels are upregulated in all GBM subtypes compared to normal brain
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tissue (p<0.01) (Figure 1B). Of note, GPNMB was highest in the mesenchymal subtype
(Supplementary 1B).

Despite a low number of significant differentially expressed genes between groups,
similarities among groups were present. CD133+ populations of both GSCs and NSCs
displayed elevated cell cycle and DNA replication pathways compared to their CD133-
counterparts (Supplementary 1C). Tumor specific pathways (elevated in CD133+/- GSC
populations compared to NSC populations) included sugar metabolism, predictably being
associated with the Warburg effect (Supplementary 1D). In total, 582 of 602 pathways
(96.7%) were enriched in the same direction for CD133+ populations compared to
CD133- in both GSCs and NSCs. Interestingly, of the 20 pathways that were differed
between GSCs and NSCs, only the CD40 pathway was upregulated in GSCs which stood
out because of its importance in antigen presenting cells while GBM is considered an
immunologically “cold” tumor (Supplementary 1E).

We proceeded to validate GPNMB protein to be present in GSC samples while
being absent in NSCs (Figure 1C). Based on literature, SK-MEL-2 and HEK cells were
known to have a presence or absence of GPNMB and therefore used as positive and
negative controls respectively for optimizing all protocols (Qian et al. 2008, Kuan et al.
2006). Next, we confirmed the presence of GPNMB in patient derived GBM xenografts
using a human specific antibody, validating it as a platform for preclinical development of
GPNMB-targeting therapies (Supplementary 2A). By examining paraffin embedded
patient derived xenograft (PDX) brains previously treated with CD133-CAR-Ts (Vora et

al. 2020) GPNMB expressing cells were detected in the residual tumor (Figure 1D). After
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confirming the absence of GPNMB in multiple normal adult brain tissues (Figure 1E), it

was concluded GPNMB was a tumor associated antigen.

GPNMB Is A Target For Recurrent GBM And Tumor Associated Macrophages

To begin investigating the clinical implications of GPNMB in GBM, CRISPR
knockout vectors were generated using sgRNA sequences from the Toronto Knockout
Library Version 3 (TKOv3) (Hart et al. 2017). AAVS1 was used as a knockout gene in
control populations. We found a decrease in GPNMB protein (Figure 2A) correlated with
a decrease in GBM proliferation (p<0.001, Figure 2B) indicating a role in tumor
aggressiveness. Cells were then injected orthotopically into NSG mice where mice in the
GPNMB knockout cohort survived significantly longer in all cell lines (p<0.001, Figure 2C)
consistent with our in vitro results that GPNMB leads to a more aggressive phenotype.

To begin investigating the distribution of GPNMB in GBM, we utilized an inhouse
RNAseq data of primary derived cell lines in a variety of matched contexts. In primary
lines we successfully grew in vitro and engrafted in PDX models, GPNMB transcripts were
consistently highest in the patient tissue sample where the tumor immune
microenvironment was still intact (Figure 2D). Strikingly among the samples available,
GPNMB expression was >10x higher in BT972, a matched recurrent GBM in our
inventory. Following this we examined a proteomic data set of BT972 compared to its
patient matched primary GBM BT594 and found GPNMB to be an upregulated protein in
BT972 (Figure 2E). Consistent within our models, strong immunohistochemistry staining
of BT972 in our PDX blocks (Figure 2F) matched the increased RNA levels from the RNA

data set (Figure 2D). In another patient matched primary-recurrent GBM proteomic data
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set, we found GPNMB to be the most upregulated and statistically significant protein at
recurrence (Supplementary 2B), but unfortunately could not recommend a treatment for
the patient as no ongoing clinical trials were being conducted. Together, this firmly
established GPNMB as a clinically relevant target for recurrent GBMs.

In a previously published inhouse data set of 43 patient matched primary-recurrent
GBM specimens with the immune microenvironment intact (Tatari et al. 2022), proteomic
analysis revealed GPNMB to be significantly upregulated in recurrent samples (p=0.0033,
Figure 2G). GPNMB was detected in all 86 samples and ranked in the top percentile of
upregulated proteins at recurrence. The structure of GPNMB includes a hemITAM motif
which is a conserved amino acid sequence typically restricted to myeloid lineages to carry
out signaling functions such as cytokine production (Xie et al. 2019, Bauer et al. 2017,
Supplementary 2C). It has previously been reported soluble GPNMB in tumors is
generally sourced from TAMs which are a major population of cells in a GBM (Liguori et
al. 2021, Hambardzumyan et al. 2016). Further examination of a subset of these samples
using IHC confirmed the higher expression of GPNMB in recurrent GBMs compared to
matched primaries (Figure 2H). This observation was later confirmed using HALO
analysis (Figure 2l). Having previously validated GPNMB as a protein highly expressed
in GBM cells, we next wanted to examine it as a potential contributor to the dynamic

intercommunication between GBM cells and TAMSs.

GPNMB in the Tumor Immune Microenvironment.

We attempted to deconvolute the distribution of GPNMB by examining the tumors

using sCciRNAseq. Our data reinforced the notion that GPNMB is upregulated and
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mutually expressed in myeloid populations and GBM cells while being mostly absent in
lymphoid, OPC, neuron and astrocyte populations (Figure 3A). Consistent among our
data sets was the presence of GPNMB transcripts being highest among the recurrent
GBMs compared to its matched primary GBM, as well as GPNMB transcripts being
highest among the recurrent GBM myeloid cells compared to its matched primary GBM
myeloid cells (Supplementary 2D).

To begin investigating the functional role of GPNMB in GBM we used GlioVis
(Bowman et al. 2017) to interrogate publicly available data from TCGA. We conducted
gene ontology enrichment analysis of RNAseq data of GBMs (Log2-fold>2, p-value<0.05)
where it was revealed the most significant biological process was determined to be
regulation of the inflammatory response (Figure 3B). Migration and chemotaxis of
leukocytes and myeloid cells were also significantly enriched indicating the strong role
GPNMB plays in modulating the tumor immune microenvironment. Paradoxically, GBM
is immunologically cold despite exhibiting pro-inflammatory signals (Liu et al. 2021, Alanio
et al. 2022), and greater lymphocyte infiltration correlates with worse patient survival
times (Mariniari et al. 2020). Among genes to correlate with GPNMB most strongly were
the pan-macrophage marker CD68 (R=0.663) and MSR1/CD204 (R=0.649), an M2-
macrophage marker associated with worse prognosis for GBM patients (Sgrensen et al.
2018). Macrophages are no longer classified along a single spectrum of M1-M2
polarization but GPNMB more strongly correlated with genes more historically associated
with an M2 immunosuppressive phenotype (Figure 3C). Weak to anti-correlative trends
between GPNMB and pro-inflammatory cytokines were found (ex. TNF-alpha and iNOS).

GPNMB was also found to have a strong correlation with CCL18 (R=0.505), an
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increasingly appreciated chemokine at the junction of macrophage polarization, GBM
growth, and a proxy for anti-inflammatory cytokines in the environment such as IL-4, IL-
10 and IL-14 (Schraufstatter et al. 2012, Huang et al. 2022, Cavalheiro et al. 2022, Ronald
et al. 2003). Together, GPNMB was determined to be at the critical junction of
intercommunication between tumor cells and TAMs and possibly plays a dynamic role in
tumor evolution by moderating inflammatory cascades.

We next examined the biology of GPNMB in an immunocompetent model using
GL261, a murine glioma commonly used in GBM research, to complement our study.
Clones of GL261 deficient for GPNMB protein were generated (Supplementary 3A) and
interrogated in a similar fashion to our patient derived GBMs. GL261 displayed similar
biology to human samples where clones deficient in GPNMB had a lower proliferation
capacity (p-value <0.0001, Figure 3D) and when injected intracranially into C57BL/6 mice
the clones had an increased survival time (n = 8, p = 0.0016, Figure 3E). At endpoint, the
last three surviving mice of each cohort had their fresh brains sectioned to isolate the bulk
tumor and flash frozen for sciRNAseq (Figure 3F). Analysis again revealed GPNMB to be
most closely associated with the mesenchymal subtype of GBM while GPNMB-KO brains
took on a more developmental like phenotype, more closely resembling the NPC, OPC
and AC subtypes (Neftel et al. 2019). A tight junction between tumor cells and immune
cells was found in the wild type cohort while being reduced in the knockouts
(Supplementary 3B). GPNMB transcripts were detected in both tumor cells and immune
cells of the wild type cohort but absent in both populations of the knockout cohort

(Supplementary 3C).
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Investigating the Functional Role of GPNMB in GBM.

Multiple receptor signaling pathways were altered in the absence of GPNMB
including well defined pathways of GBM tumor progression such as PDGFR and KIT
(angiogenesis), TGFB (pleiotropic), FAK and Integrins (cell adhesion) and Stats
(immunity) (Figure 4A). Immune pathways such as innate/adaptive immune activations
and leukocyte differentiation/proliferation were also downregulated in GPNMB-KO tumor
cells (Figure 4A). Activation of the immune system is a tightly regulated process to prevent
excessive inflammation and down regulated through regulatory immune cells to maintain
immune tolerance, but chronic inflammation contributes to cancer progression by
inhibiting the immune system's ability to identify and attack cancer cells. Of the pathways
enriched within wild type cells, a consistent theme emerged of contextual proinflammatory
pathways which activate the immune system that eventually lead to immune suppression
(Figure 4B). The pathways strongly associated with GPNMB wild type populations
included Hallmark TGF-beta, Interferon-gamma, IL6-JAK-STATS3, Interferon-alpha, IL2-
STATS, Inflammatory Response and TNF-alpha Signaling Via NF-kB. Confidence in the
identification of these pathways was attributed to GPNMB’s association with other
previously reported including Notch signaling, TGF-beta and Integrin interactions (Figure
4C). This validated the complimentary roles of our PDX and GL261 models to uncover
novel biology.

Co-expression profiling of GPNMB most strongly associated with interferon
signaling (Figure 4D). Interferons are a group of signaling proteins that activate several
downstream signaling pathways, including the JAK-STAT pathway previously mentioned

and interferon regulatory factors (IRFs), which ultimately leads to transcription of
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interferon-stimulated genes (ISGs). IRF8 activity was significantly associated with
GPNMB expressing populations along with myeloid specific genes such as TLR4 (Figure
4E), being one of the most strongly downregulated transcription factors in GPNMB
knockouts along with STAT5A, IRF2 and STAT1 (Supplementary 3D). IRF8 has been
shown to functionally integrate IFN-gamma signals to induce genes involved in
macrophage antimicrobial defenses subsequently producing inflammatory cytokines that
activate early immune responses (Dror et al. 2007). Ultimately, IRF8 regulates GPNMB
expression levels by being a directly bound transcription factor at the promoter of GPNMB
predicted by TRANSFAC match between the transcription factor and its predicted binding
site (Figure 4F, Matys et al. 2003) and validated using the CHEA Transcription Factor

Binding Site Profiles dataset (Rouillard et al. 2016, Lachmann et al. 2010).

GPNMB Is Uprequlated To Counteract The Proinflammatory Signals of Interferons

GBM cells are known to produce interferons to promote survival in response to
DNA damage caused by radiation therapy where acute exposure of GBM cells to high
concentrations of type | interferons cause cell cycle arrest and apoptosis, while chronic
exposure to lower concentrations provide pro-survival advantages (Cheon et al. 2023).
We have previously shown that treatment-naive GBM samples acquire a pattern of tumor-
intrinsic immunomodaulatory signatures as a response to SoC therapy (Qazi et al. 2022).

In PDX mice treated with SoC there was an enrichment of canonical cytokine
signaling pathways compared to controls (Figure 5A). Interferon-alpha (Type-l) and
Interferon-gamma (Type-Il) were strongly enriched, in addition to TNF-alpha, TGF-beta,

IL-6 and IL-2 pathways. Tracking samples through SoC regimens revealed a pseudotime
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progression along with a hallmark Epithelial-Mesenchymal Transition gene signature
associated among the SoC treated cohort (Figure 5B). Along the trajectory as the
mesenchymal signature becomes stronger, IFN-gamma and IRF8 expression increases
accordingly. In TCGA GBM, IRF8 has a moderate correlation with GPNMB (R=0.48) and
is the IRF most closely correlated with GPNMB (Figure 5C). In patient tissue samples,
clustered analysis of members in interferon signaling members strongly associated
GPNMB with IRF8 and interferon receptor subunits IFNGR2 and IFNLR1 in the
mesenchymal subtype of GBM (Figure 5D) and myeloid cells (Figure S5E) in particular.
Taken together, GBMs respond to interferon signals and evolve in response to SoC

treatments along with immune activation to upregulate GPNMB.

Discussion

Here we employed a series of GBM models to examine the role of GPNMB in
tumor intrinsic biology of GBM as well as an active member in the immune
microenvironment. We first identified GPNMB to be upregulated in GBM as it was absent
in both healthy neural stem cells and the adult human brain. We examined the role of
GPNMB in several aspects of GBM progression, including proliferation and tumor
development in vivo indicating a role in GBM progression. Next, we observed the
increased presence of GPNMB in recurrence at the protein level of GBM cells and
macrophages. While previous studies have indicated an association with GPNMB in GBM
recurrence, this was found at the RNA level and been attributed to immune populations

(Xiong et al. 2022). We show GPNMB to be upregulated at the protein level of patient

80



Ph.D. Thesis - N. Savage; McMaster University - Biochemistry.

matched samples, with and without the immune microenvironment intact and can be in
response to abiotic therapeutic pressures (i.e. Standard of Care).

PDX models of GBM are valuable for their accurate recapitulation of human
biology but lack an immune system. To examine the role of GPNMB in the tumor
microenvironment, we used syngeneic mouse models harboring GL261 to provide a
complimentary system. Similar biology was observed where the absence of GPNMB lead
to a less aggressive phenotype. GPNMB was again associated with an immune function,
which could be due to its presence in both the GBM cells and macrophage populations.
It was recently reported immune evasion is an acquired trait by GBM through an
epigenetic immunoediting mechanism (Gangoso et al. 2021). Due to immune attack,
GBM activated transcription factors display myeloid-affiliated transcriptional program
which associated with recruiting tumor-associated macrophages and was common in
human mesenchymal GSCs (Gangoso et al. 2021). Researchers proposed this to be
conducted through IRF8, a myeloid-specific master transcription factor that is typically
silent in NSCs. While IRF8 was the 12" most upregulated gene based on a Log-Fold
Change, researchers did not comment on GPNMB to be the top upregulated gene in
immune evasive populations.

We show GPNMB to be upregulated in GBM cells due to the inflammatory
signature, a dynamic and continually evolving process displayed between GBM cells and
immune cells alike. GPNMB could be associated with the inflammatory signature in
recurrent GBM for three reasons: 1) GPNMB has been associated with wound healing
(Silva et al. 2018) and after GBM patients undergo an extensive brain surgery to debulk

the tumor the brain ultimately needs to heal the traumatic wounds, 2) GBM is a notoriously
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immune-suppressive environment with a large macrophage population and GPNMB
could be a mechanism GBM cells hijack to defend against the inflammatory cytotoxic
function of T cells (Kobayashi et al. 2018), 3) Radiation therapy directly causes DNA
damage along with immunomodulatory effects through interferon mechanisms (Zhang et
al. 2020). We show GPNMB to be correlated with an inflammatory signature because of
its immune-suppressive function and a possible explanation for conflicting yet
complimentary literature of the past. While it has been shown that the use of interferon
therapy as an adjuvant treatment for GBM may be beneficial, success in clinical trials is
associated with Type | interferons. IFN-gamma is the sole member of the Type I
interferon class and works through independent interferon receptors.

Clinical trials targeting GPNMB in other cancers have proven safe in the past yet
unsuccessful. Potential reasons for treatment failure could be due to large time gaps
between administering doses, or the heterogeneity within tumors. To date, no clinical
trials have been conducted against GPNMB in GBM patients. Together, we show GPNMB
to be a potentially valuable target in GBM to effectively eliminate cancer cells and the
supportive niche while leaving healthy brain tissue unharmed. Further studies are needed
to develop new therapeutic strategies for targeting GPNMB in combination with existing

therapies.
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Materials and Methods

Culturing Cell Lines

Human GBM samples were acquired from consenting patients, as approved by
Hamilton Health Sciences and the McMaster Health Sciences Research Ethics Board.
Tumor specimens were processed using previously published protocols (Chokshi et al.
2020). GBMs were then cultured in Neurocult Complete (NCC) media, a defined and
commercially available serum-free neural stem cell medium (STEMCELL Technologies,
Cat.05751), supplemented with human recombinant epidermal growth factor (20ng/mL:
STEMCELL Technologies, Cat.78006), basic fibroblast growth factor (20ng/mL;
STEMCELL Technologies Cat.78006), heparin (2 pg/mL 0.2% Heparin Sodium Salt in
PBS; STEMCELL technologies, Cat.07980), antibiotic-antimycotic (1X; Wisent, Cat# 450-
115-EL). Tumorspheres derived from these cultures were expanded on polyornithine-
laminin coated plates for adherent growth until sufficient populations were acquired for
experimental purposes. Passaging consisted of dissociating a 10cm dish with 1 mL of
TrypLE (ThermoFisher Cat. 25200056) for 5 min at 37°C followed by collection with PBS
and centrifugation at 300g. Neural stem cells were derived and propagated in a similar

fashion, as previously published (Suk 2022, STAR Protocols).

RNAseq Sample Processing and Quality Assurance

Cells were sent for RNA extraction and RNAseq with lllumina HiSeq 2500 V4 SR. For
analysis, four sets of comparisons were performed: 1) BT CD133+ vs CD133-; 2) NSC
CD133+ vs CD133-; 3) CD133+ NSC vs CD133+ BT; and 4) CD133- NSC vs CD133-

BT. Data was filtered using a CPM threshold of 3.5 for all comparisons. Multidimensional
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scaling (MDS) plot showed a separation of the samples in the four comparisons. Using a
smear plot, the pattern of gene expressions at different levels were examined to check

for potential artifacts with no significant artifacts being observed at this CPM cutoff.

Determining Differentially Expressed (DE) Genes and Ranks

The standard method in the EdgeR software, Quasi-likelihood F-test, was used for DE
determination in edgeR because we have the minimal number of samples required
(minimum 4 samples total and at least 2 per group) and it is more stringent than the
classical and likelihood ratio methods. The ranking score for each gene is generated by
p-values and fold changes from the analysis with the following formula: sign(logFC) x —
log1o(p-value) where: sign(logFC) determines the direction of the change with +ve as up-
regulation and —ve as down, -log1o(p-value) determine the scale of ranking, the lower the
p-value, the higher the score. The genes are ordered from top up-regulated to down-

regulated ones as .rnk files (SS02 EM Folder). We use this ranking score as input for

GSEA analysis.

Gene Set Enrichment Analysis (GSEA)

GSEA was performed for all 4 comparisons using the .rnk files with the gene set:
Human_GOBP_AllPathways_with_GO_iea_December_24 2015 symbol.gmt. 1000
permutations were carried out with random seed parameter = 349. The result comparing

all the GSEA analysis can be found at SS02 EM Folder in the file Pathway.xlsx. The

pathways identified in GSEA1, GSEA2, GSEAS3, and GSEA4 are listed in an excel file

with the normalized enrichment score (NES) and FDR g-value. It is important to note that
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not all the pathways have enrichment values provided by all four GSEA analysis. This is
due to the difference in the genes we input for GSEA analysis. It is the standard protocol
for RNAseq analysis to filter out genes with low expression and for each comparison,
there are different set of genes being filtered out. To make the results of all four GSEA
analysis completely comparable, RNAseq data was reanalyzed using only the

protein_coding genes without gene expression filter, see section 1.7 for details.

Enrichment Maps (EM)

Because of the high degree of similarity between 1) CD133+ vs CD133- in NSC (GSEAZ2)
and BT (GSEA1); and 2) NSC vs BT in CD133+ (GSEA3) and CD133- (GSEA4),
combined Enrichment Maps were generated (A: GSEA1 and GSEA2; B: GSEA3 and
GSEAA4). Enrichment maps were generated with Jaccard Coefficient of 0.25 (for edges)
and FDR g-value cutoff at 0.0001 (for nodes). A link to the original cytoscape file (.cys)
used to generate the figure was included in the legend. The .cys file contains one EM with
the same setting (FDR g-value and Jaccard Coefficient) and one EM with much less
stringent conditions (FDR g-value < 0.1, p-value < 0.05, Jaccard Coefficient > 0.25) to

reveal more pathways in the analysis.

Stem-Cell Specific Pathways Differentiating Tumor from Normal

In order to compare results from two separate GSEA analysis, several steps were taken
to ensure that all input parameters were identical. We regenerated .rnk files that include
all genes and are no longer filtered by CPM cutoffs (which filtered out different genes

depending on the expressions among the samples). Instead, all protein_coding genes
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were used for normalization and ranking. This led to identical genes (both in number and
identity) used in GSEA calculation against the same gene sets (.gmt file) for each
analyses and the results contained enrichment scores for exactly the same pathways for
direct comparison. To assess the significance of the difference observed in enrichment
scores, z-values were calculated using the direction of enrichment and nominal p-values
(not calculated by permutation) from GSEA results. Because z-values are theoretically
normalized values with levels of change and standard deviation incorporated within, the
z-value of the pathway from one analysis can be compared with z-value of the same
pathway from another analysis, provided all other parameters are the same. The
difference between the z-scores of each pathway can be directly used to calculate
statistical significance (p < 0.05 is equivalent to z > 1.644). Pathways with significant
differences (p < 0.01) were selected to generate EM. GSEA results (we generated new

GSEA1c, GSEA2c, GSEA3c, and GSEA4c) from all four comparisons were combined to

identify differentiating pathways.

Online Databses

To incorporate publicly available data sets, the GEPIA2 interface was utilized to
compare correlations of individual genes, or genome-wide gene expression profiles
between GBM specimens of The Cancer Genome Atlas (TCGA) and normal brain tissue
of the Genotype-Tissue Expression (GTEXx) portal as previously described (Tang et al.,

2017).
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Generating Gene Knockout Constructs

Guide RNAs (sgRNAs) targeting AAVS1 (GGGGCCACTAGGGACAGGAT) and
GPNMB (KO-A: AATGATGGTACAGACCTCCG, KO-B: AGGAATCCTACTCAGCTCCA)
were obtained from the TKOv3 library (Hart et al 2017) and cloned into lentiCRISPRv2
constructs (Addgene Cat.52961). Successful ligations were validated using Sanger
sequencing and each construct was packaged independently into lentiviruses using
second-generation packaging constructs. Briefly, HEK293T cells were seeded at 10x10°
cells per T75 flask and incubated overnight in high-glucose DMEM media with 2 mM L-
glutamine and 1 mM sodium pyruvate (ThermoFisher Cat.11995065), supplemented with
1% non-essential amino acid solution (ThermoFisher Cat.11140050) and 10% fetal
bovine serum (Gibco Cat.12483020). The following day, the HEK293T media was
replaced with viral harvesting media consisting of HEK media supplemented with 10 mM
HEPES (ThermoFisher, Cat#: 15630080) and 1 mM sodium butyrate (Sigma-Aldrich,
Cat#: 303410).

Transfection was conducted with a mixture of psPAX2 (8.0 ug; Addgene #12260),
pMDG.2 (3.0 ug; Addgene #12259), TKOv3 plasmid library (8.0 ug) and polyethylenimine
(PEI, 57ug) (Sigma-Aldrich, Cat.408719) in 1.3 mL of Opti-MEM. After incubating the
mixture for 15 min at room temperature, the PEI/DNA mixture was carefully added to the
T75 flasks in dropwise fashion. Viral supernatants were collected 48 hours after
transfection and then concentrated using ultracentrifugation (20,000 rpm for 2 hours at 4

°C) before being snap frozen and stored at — 80 °C.
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Cell Proliferation Assay

Single cells were plated in a 96-well plate at a density of 1,000 cells/200 pL per
well and incubated at 37°C and 5% CO? for five days. 20 pL of Presto Blue
(ThermoFisher, Cat.A13262), a fluorescent cell metabolism indicator, was added to each
well four hours prior to reading out the assy. Fluorescence was measured using a
FLUOstar Omega Fluorescence 556 Microplate reader (BMG LABTECH) with excitation
and emission wavelengths of 544nm and 590nm respectively. Readings were then
analyzed using Omega analysis software. Proliferation was calculated for each well by
subtracting the average RFI of blank wells from the RFI of individual wells. Mean RFI was

plotted for each well being tested as a side-by-side comparison of proliferation.

Western Blots

Cells pellets were lysed in RIPA buffer (50mM Tris HCI pH 8.0, 150mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) containing HALT™ Protease and
Phosphatase Inhibitor Cocktail (ThermoFisher Cat.78440) and placed on an active
nutator in 4°C for 1 hour. Once complete, centrifugation took place at 14,000rcf at 4°C for
10 minutes. Supernatant was collected and protein concentration was determined using
the Bradford method (BioRad). 30ug total protein was loaded in all lanes, and proteins
were resolved on 4%—-12% Novex Bis-Tris gradient gels (Invitrogen) at 100V for 60
minutes and transferred to Immobilon-P PVDF membranes (Millipore) at 200mA for 120
minutes. Membranes were blocked in TBS-T containing 5% BSA for 30 minutes at room
temperature followed by the addition of primary antibodies to be incubated at 4°C on a

rocker at slow speeds. The following morning, membranes were washed repeatedly with
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TBS-T followed by incubation with secondary antibodies in TBS-T containing 5% BSA for
60 minutes. After repeated washes in TBS-T membranes were imaged. Antibody-bound
proteins were visualized using LICOR Odyssey DLx.

Antibodies were purchased and used at the following concentrations: Human
GPNMB (Cell Signaling Technologies, E4D7P Cat.38313), Mouse GPNMB (Abcam,
EPR18226-147, Cat.ab188222), Beta-Actin (Cell Signaling Technologies, 13E5
Cat.4970, 1:5000), anti-Mouse IgG Secondary (LICOR, 926-68070, 1:10,000), anti-

Rabbit IgG Secondary (LICOR, 926-32211, 1:10,000).

Animal Studies and Tumor Analysis

Animal studies were performed in accordance with guidelines outlined by Animal
Use Protocols of McMaster University Central Animal Facility. Intracranial injections were
conducted in 6-8 week old NOD/SCID gamma (NSG) or C57BL/6 mice as previously
described (Chokshi et al. 2021) using GBM4 and GBM8 (1x10° cells per mouse) or with
MBTO06 and (1x10° cells per mouse). Briefly, a small burr hole was drilled 2mm behind
the coronal suture and 3mm to the right of the sagittal suture. Cells suspended in 10 pL
PBS were injected intracranially using a Hamilton syringe (Hamilton, Cat#7635-01) into
the right frontal lobes. Animals were sacrificed at humane endpoint followed by perfusions
using 10% formalin and collected brains were sliced into 2mm thick sections with a brain-
slicing matrix for paraffin embedding and H&E staining. Images were captured using an
Aperio Slide Scanner (Leica Biosystems) and analyzed using ImageScope v11.1.2.760
software (Aperio). Survival studies utilized the number of days post-surgery and input for

Kaplan-Meier analysis.
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Immunohistochemistry (IHC)

GPNMB IHC was performed on Patient Derived Xenograft (PDX) brain tissues, patient
tumor samples, or Normal Human Brain Tissue MicroArray (Novus Biologics, Cat.NBP2-
78062). Antigen retrieval was performed using Epitope Retrieval Buffer (ER2) (Leica,
Cat#AR9640-Leica) for 20 minutes at 100°C. Antibodies were diluted in Powervision IHC
Super Blocker (Leica, Cat#PV6122) and stained for 15 minutes. GPNMB antibody (Cell
Signaling Technologies, E4D7P Cat.38313) was diluted in TBS buffer with 1% BSA
(1:500) and stained overnight at 4 °C. Slides were treated with a peroxidase block,
developed with DAB and counterstained with hematoxylin all contained in the Leica Bond
Polymer Refine Detection Kit (Leica, Cat#DS9800). Slides were then covered with
Permount. The digitization of the immunohistochemically stained TMA histology slides
was performed using the Olympus® VS120 Slide Scanner. Data was acquired through
the HALO® Image Analysis Platform by Indica Labs with quantitative analysis being

performed using HALO® Multiplex IHC module in combination with HALO® TMA module.
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Chapter 4: Therapeutic Targeting of GPNMB in Glioblastoma Models

Preamble
In this chapter, | present an original manuscript describing therapeutic targeting of
GPNMB in glioblastoma using CAR-Ts in multiple mouse models generating a new

immunotherapy for possible clinical development:

Savage, N., Zemp, F., Venugopal, C., Shaikh, V., Zhai, K., Chafe, S., Maich, M., Anand,
A., Moffat, J., Mahoney, D., & Singh, S. K. Therapeutic Targeting of GPNMB in

Glioblastoma Models. (manuscript in preparation)

Author contributions are as follows for the aforementioned manuscript: Conceptualization:
N.S, S.K.S, D.M, and J.M;Resources: S.K.S, D.M, and J.M; Methodology, Investigation
and Validation: N.S, F.Z, V.S, K.Z, W.M, and A.A; Software and formal analysis: N.S;
Visualization: N.S, F.Z, and S.C; Writing — original draft preparation: N.S; Writing — review
and editing: N.S, F.Z, C.V, J.M, D.M, S.K.S; Project administration and supervision:
S.K.S, D.M, and J.M; Funding acquisition: S.K.S and J.M. All authors read and approved

the manuscript.

| present data for the localization and abundance of GPNMB on plasma
membranes of GBM cells to be targetable by immunotherapies, and the absence of
GPNMB in normal tissues throughout the body proposing the using of CAR-Ts as a safe
modality. Standard in vitro assays are employed to validate the functional activation and

cytotoxic killing by CAR-Ts in a series of cell lines before progressing to evaluate efficacy

104



Ph.D. Thesis - N. Savage; McMaster University - Biochemistry.

in vivo. While the study was ultimately successful in PDX models, building on our previous
findings that GPNMB is upregulated in MDSCs, humanized mouse models were
employed to determine the efficacy against tumor progression and on the tumor immune

microenvironment.

Abstract

Glioblastoma (GBM) is an aggressive and uniformly fatal brain tumor with little
clinical advancement of effective therapies for the past several decades. The
heterogeneity present within GBM ultimately means multiple therapies will need to be
administered to eradicate all populations effectively. Glycoprotein nonmetastatic
melanoma protein B (GPNMB) has previously been identified as a targetable marker for
antibodies in GBM but to date no human clinical trials have been conducted. The rapid
advancement of immunotherapies, particularly genetically enhanced T cells (CAR-Ts)
provides an opportunity to overcome the immunosuppressive microenvironment of GBM.
We show GPNMB to be absent in normal tissue throughout the body, only exhibiting
GPNMB protein in GBM cells and tumor associated macrophages. We then test the
efficacy of a novel CAR-T against GPNMB in a series of mouse models and later combine
it with our previously published CD133-targeting CAR-T to provide better coverage
against GBM cells. Together, rational therapeutic combinations may offer potential relief

to clinical patients by targeting the tumor supporting niche in addition to the tumor itself.
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Introduction

While classical pharmacology has largely failed to provide benefits to brain cancer
patients due to the semipermeable blood-brain barrier, rapid advances involving
immunotherapies may provide solutions (Chokshi et al. 2021). Chimeric antigen receptor
T cells (CAR-Ts) are genetically modified T-cells designed to target molecules specific to
cancers while leaving normal tissues unharmed (Chokshi et al. 2021). CAR-T clinical trials
for GBM have proven to be efficacious, but extreme heterogeneity within and among GBM
patients likely means more than one target will be needed to eradicate the tumors entirely
(Brown et al. 2015, Brown et al. 2016, O’'Rourke et al. 2017, Liu et al. 2023). We have
previously shown CD133 to be an effective CAR-T target in GBM models (Vora et al.
2020). However, CD133 expression by cells is interconvertible, meaning CD133- cells
reacquire expression as it is essential in maintaining stem cell populations (Brescia et al.
2013). CD133+/- subpopulations have distinct transcriptomes which have been exploited
before to target CD133+ cells (Venugopal et al. 2015). With CD133 being such a dynamic
surface marker, the heterogeneity within tumours, differences among glioblastoma
patients, and CD133- cells capable of gaining expression, a dual knockout method
targeting CD133+/- subpopulations simultaneously would be advantageous over current
therapeutic practices.

Glycoprotein nonmetastatic melanoma protein B (GPNMB) is a transmembrane
glycoprotein that has emerged in several cancers including GBM to be an exploitable
target by immunotherapies (Kopp et al. 2019, Ott et al. 2019, Yardley et al. 2015, Kuan
et al. 2006). GPNMB expression has been associated with a more aggressive phenotype

and studies have shown that targeting GPNMB with monoclonal antibodies reduces tumor
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sizes in animal models of GBM, suggesting that it is a promising target (Kuan et al. 2006,
Kuan et al. 2010).

Glembatumumab Vedotin, GV, is an antibody-drug conjugate against GPNMB and
has been used in clinical trials of multiple cancers with minimal toxicity concerns (Kopp
et al. 2019, Ott et al. 2019, Yardley et al. 2015, Kuan et al. 2006). GBM is known to be
highly immunosuppressive which prevents immune cells from effectively attacking the
tumor (Pearson et al. 2020). This is a complex process with multiple dimensions
contributing to a lack of improvement for patients. Conflicting reports attribute the failure
of immune checkpoint inhibitors in clinical trials to a lack of immune checkpoints present
within the tumor or an absence of cytotoxic T cells at the tumor site (Omuro et al. 2018,
McGranahan et al. 2016). Macrophages constitute a large population of cells in a bulk
GBM tumor and contribute to immunosuppression (Morantz et al. 1979). Because
macrophages have been credited with releasing soluble GPNMB into the
microenvironment which can inhibit T cell activity, we investigate the potential of GPNMB
as a valuable immunotherapy target to eradicate GBM cells and their supportive niche

(Chung et al. 2009, Kobayashi et al. 2019).
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Results

Validating Safety and Feasibility of a CAR-T Against GPNMB

We have previously shown GPNMB to be a viable target in GBM using due to its
absence in normal brain tissue of fully grown adults. To prove CAR-Ts could be a safe
modality, we first used a normal tissue microarray containing 23 normal tissue samples
from throughout the body including vital organs such as the liver, stomach, kidney and
colon (Figure 1A). Samples were stained using a human specific GPNMB antibody
optimized using PDX blocks known to have a presence or absence of GPNMB as positive
and negative controls respectively (Supplementary 1). Nearly complete absence of
staining provided strong rationale CAR-Ts could cause minimal systemic toxicity. Any
positive staining in the skin tissue or thymus tissue was attributed to known preferential
localization of GPNMB to organelle membranes of melanosomes and lysosomes in skin
(Tomihari et al. 2009) or internally within monocytes in the absence of microbial infections
(Ripoll et al. 2007).

To validate GPNMB was present at the surface of GBM cells, GPNMB knockout
clones of SK-MEL-2 (a high expressing positive control, Tse et al. 2006) were first
generated and confirmed by western blot (Figure 1B). Commercially available anti-
GPNMB antibody (R&D Systems, AF2550) has previously been validated for its utility in
western blots and flow cytometry (Xie et al. 2019). An antibody titration was then
performed on SK-MEL-2 which generated a curve successfully detecting surface
expression in a dose dependent manner while a control isotype failed to generate signal
(Figure 1C). Varying surface expression levels of GPNMB was then confirmed against

multiple GBM lines providing targetability by immunotherapies (Figure 1D).
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Developing a GPNMB CAR-T Against GBM

A second-generation CAR-T was developed to target GPNMB+ cells (Figure 2A).
The CAR is composed of an extracellular domain which binds to GPNMB using the same
binder sequence of GV, the fully human IgG2 antibody used in clinical trials. The
intracellular domain contains the co-stimulatory domain CD28 and CD3-zeta to activate
the T cell to kill the GPNMB-expressing (GPNMB+) cell. To examine efficacy of the
GPNMB CAR-Ts, a CD19 CAR-T was used in conjunction as a control in standard in vitro
assays. GFP in the CAR plasmid was used to confirm successful integration of the CAR-
lentivirus into T cells and showed high transduction efficiency of both constructs (Figure
2B). CAR-Ts were expanded ex vivo for up to 14 days before testing efficacy. GPNMB
CAR-Ts showed cytotoxic killing in a dose and time dependent manner in multiple GBM
lines (Figure 2C, p<0.01). A visual swarming by GPNMB CAR-Ts against GBM cells was
observed compared to unengaged CD19 CAR-Ts (Figure 4D). Cytotoxicity was then
validated 24 hours after exposure by measuring levels of early-stage and mid-stage
activation markers CD69 and CD25 respectively (Figure 2E). CD69 expression on
PBMCs activated in vitro correlates with proliferative T cell responses (Maino et al. 1995,
Prince et al. 1997, Cibrian et al. 2017). Sustained CD25 expression in CAR-Ts is
predictive of robust anti-tumor functionality in antigen-stimulated CAR-Ts (Chang et al.
2015) but could also be attributed to long term exposure of IL-2 supplemented in cell
media or to potential mismatch HLA-types of GBM cells and healthy donor PBMCs. The
absence of CD69 in control CAR-Ts indicates antigen specific activation of GPNMB CAR-

Ts.
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To further validate efficacy of the GPNMB CAR-T against GBM samples, sustained
proliferation was measured and determined to be significantly higher in GPNMB CAR-Ts
against multiples GBMs after 3 days (Figure 2F, p<0.01). Secreted tumor necrosis factor
(TNF-alpha) and interferon-gamma (IFN-gamma) were measured by ELISA where
significantly stronger TNF-a and IFN-gamma responses were detected in the supernatant
of GPNMB CAR-Ts relative to CD19 CAR-Ts when co-cultured with GBM (Figure 2G and

2H, p<0.05).

Testing GPNMB CAR-Ts in PDX Models

Using NSG mice to harbor patient derived GBM samples orthotopically, cells
containing a Luciferase reporter gene were injected intracranially. Tumor sizes were
measured on Day 6 via bioluminescence signal for mice to be divided evenly into cohorts,
then injected with CAR-Ts on Day 7 (n = 6) (Figure 3A). Mice received a single dose of
1x108 CAR-Ts intracranially and tumor sizes were measured weekly (Figure 3B). Tumor
growth in the GPNMB CAR-T cohorts were significantly impaired compared to CD19
CAR-T controls and mice which received GPNMB CAR-Ts also exhibited significantly
longer survival times indicating this to be an efficacious therapy in vivo (Figure 3C). All
results were reproducible as a monotherapy against GPNMB+ GBM PDX models
(Figures 3D).

Examining residual tumors of mice at endpoint for GPNMB did result in positive
staining albeit with a less intense signal compared to CD19 CAR-T treated mice (Figure
3E). We attributed this to either antigen density below physiological threshold for CAR-Ts

to engage, or increased GPNMB expression due to IFN-gamma in the microenvironment
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after CAR-Ts had potentially exhausted. To ensure GPNMB+ cells were eliminated prior
to exhaustion, mice were designated to be injected with GBMs and again treated with
CAR-Ts but fresh brains were collected for flow cytometry ten days after treatment.
Successfully, no GPNMB was detected at the surface of GBM cells in GPNMB CAR-T
treated mice (Figure 3F). Expression of CD133 remained similar between CAR-T
modalities indicating it was not being affected in vivo and remains a mutually distinct

population in GBM to be targeted in a polytherapeutic approach.

Rational Combinations of CAR-Ts Targeting GBM Subpopulations

The hierarchy, distribution, and plasticity of GBM cells through tumor evolution in
vivo is complex and beyond the breadth of this paper, but it was evident in vitro that
mutually exclusive populations of GPNMB+ and CD133+ exists in addition to double
positive populations could be targeted by our CAR-T constructs (Figure 4A). Therefore,
we thought it was reasonable to suspect administering both CAR-T modalities could
greatly improve treatment efficacy compared to a single CAR-T treatment. Previous
experimental protocols were replicated with an additional regimen to administer a second
dose of CAR-Ts after initial tumor responses was measured to improve survival outcomes
(Figure 4B). Each round of injections consisted of 1x10° CAR-Ts delivered intracranially,
with Arm 4 consisting of 5x10° CAR-Ts of each construct pooled into one injection. Tumor
sizes were again measured weekly via bioluminescence signal (Figure 4C). Tumor growth
of all treatment arms impaired tumor growth compared to CD19 CAR-T controls (Figure
4D). Mice receiving CD133 CAR-Ts showed a more beneficial response compared to

GPNMB CAR-Ts suspected due to increased antigen presence in vivo (Figure 3F). Arm
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4 showed a heightened response, significantly improving tumor control by Day 20
compared to controls and both monotherapies. Reduced tumor burden directly translated
to improved survival times (Figure 4E). In addition to combined administration of CAR-Ts
in Arm 4, additional arms were included in the study to determine if metronomic
administration improved tumor control or survival times (Supplementary 3A-G).
Ultimately, trends were present in sequentially administered therapies but did not meet

statistical significance.

GPNMB as a Target to Eliminate Tumor Associated Macrophages

A major limitation to PDX models of GBM is the absence of an immune system but
potentially attacking the GPNMB+ immunosuppressive niche could modulate the tumor
microenvironment. Theoretically this could support the host immune system to penetrate
and attack cancer cells in a similar manner to immune checkpoint inhibitors. In addition
to its expression in GBM cells, GPNMB is also expressed in tumor promoting
macrophages which play a crucial role in the immune response to GBM. Because of this,
GPNMB CAR-Ts were tested against macrophages to determine if GPNMB can be a
target against the tumor microenvironment in addition to the tumor itself.

Presence of GPNMB was first confirmed in the monocyte-macrophage lineage with
an increased abundance towards M2 polarization (Figure 5A). Macrophage polarization
was conducted using previously published protocols (Shi et al. 2017). To determine
GPNMB would be accessible at the plasma membrane for CAR-Ts, flow cytometry was
again employed and confirmed presence at the surface of M2-like macrophages while

being absent in unprimed macrophages or monocytes (Figure 5B). Similarly to GBM
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cytotoxic activity, GPNMB CAR-Ts increasingly displayed macrophage killing ability as
effector concentrations increased or exposure time was prolonged (Figure 5C).

After patients undergo initial treatments for GBM the tumor inevitably recurs, and
clinical options are limited. Additional treatments should always be considered on a case-
by-case basis with a multidisciplinary team of healthcare providers, including
neurosurgeons, medical oncologists, radiation oncologists, and neurologists if a
personalized treatment option is to be developed. To test the feasibility of GPNMB CAR-
Ts effectively targeting recurrent GBM, we validated the expression of GPNMB in a
patient derived line which had previously been exposed to standard-of-care (BT972).
Validation was conducted as previously described using western blots (Figure 5D). After
confirming the presence of GPNMB in established PDX brains (Figure 5E) and expression
at the surface of GBM cells for CAR-Ts to target (Figure 1D) a humanized mouse model
was employed to determine a wholistic approach to targeting GPNMB in established
tumors.

Tumor sizes in NOG-EXL mice were measured on Day 6 via bioluminescence and
1x108 CAR-Ts were injected on Day 7 as previously described. Untransduced T cells
were used as controls for this experiment instead of CD19 CAR-Ts to A) administer an
equal number of total T cells between cohorts and B) leave the CD19+ B-lymphocyte
population intact for tumor analysis. Weekly monitoring commenced and when it was
observed one week after treatment that only 1 of 6 mice responded to treatment
(Supplementary 3) it was determined a second round of CAR-Ts were to be administered.
The lack of response could be attributed to a variety of reasons including poor CAR-T

viability the day of injections, the humanized immune system rejecting the adoptive cell
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therapy, or other underdetermined differences in biology of a new mouse strain and/or
recurrent GBM. To overcome these potential pitfalls the second round of injections were
increased to 3x10% CAR-Ts per mouse to also account for increased tumor sizes. Of the
control mice, 2 of 6 mice experienced stable tumor progression week-over-week before
growth continued with 1 of 6 mice reaching humane endpoint before the fourth IVIS time
point. Comparatively, 4 of 6 mice in the GPNMB CAR-T experienced dramatic tumor
reduction week-over-week including the 2 mice with the largest tumors. Interestingly, the
only mouse to experience response to treatment in the initial CAR-T injections did not
benefit from the second round of treatment. One mouse remained unresponsive
throughout treatments. Ultimately, significant therapeutic efficacy was achieved using

GPNMB CAR-Ts against an established recurrent GBM model.

Discussion

GPNMB has been shown to be a viable target for monoclonal antibody drug
therapies. We show GPNMB to be absent throughout the body, opening the way for CAR-
T modalities to be administered systemically to patients. In summary, we present a novel
method to target GPNMB+ glioblastoma cells in a series of glioblastoma models, proving
the specificity, activation, and efficacy of CAR-Ts. We conclude that our CAR-T modality
presents a viable strategy to target a clinically relevant population of GBM cells and could
be expanded to other cancer types to include melanoma, breast cancer, osteosarcomas
and potentially patients with metastatic cancers who are not provided any other means of

treatment.
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A CAR-T modality could greatly improve on existing therapies against GPNMB
expressing tumors because of the persistence of CAR-Ts compared to antibodies. While
the current version provides strong rationale for future development, its construction as a
second-generation construct limits itself to the host of advancements made by next-
generation CARs to improve persistence, efficacy and safety features.

In addition to the feasibility of GPNMB as a target in isolation, we prove the viability
of GPNMB as a rational data driven co-target alongside CD133. While the combined
treatments were effective in a preclinical model, improvements could be made by
developing a Tandem CAR-T where the presence of either antigen is sufficient to initiate
cytotoxic killing. Tandem CAR-Ts would greatly increase coverage of tumor killing by
effectively doubling the number of available CAR-Ts compared to our current method.
Also, different combinations of other antigens could increase tumor coverage while
retaining safety, such as EGFRUVIIl for patients who express EGFRUVIII but could lack
GPNMB expression. With this method, the tumor could still be targeted alongside the
TAMs.

In conclusion, GPNMB is a promising target for immunotherapy research for GBM
as well as other cancers. Uncovering its role in the development and progression of
cancer has opened new avenues for the treatment of cancer. The development of
GPNMB-targeted immunotherapy is a complex and challenging process, but the results
of recent clinical trials are encouraging and have provided a strong foundation for
continued development. The story of GPNMB is a testament to the power of targeting the
immune system in the treatment of cancer and the potential of immunotherapy research

to change the lives of patients.
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Materials and Methods

Flow Cytometry

Cells were dissociated using TrypLE (ThermoFisher Cat.12605010), resuspended
in PBS containing 2mM EDTA (ThermoFisher Cat.AM9260G), and stained with 5ug
GPNMB antibodies (R&D Systems, Cat.AF2550) or Normal Goat IgG Control (R&D
Systems, Cat.AB-108-C) on ice for 20 minutes before being washed. After washing, Goat
anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody FITC was added at a
1:10,000 dilution and incubated on ice another 20 minutes. After washing, cell were run
on a CytoFLEX flow cytometer (Beckman Coulter) with dead cells being excluded by
7AAD viability dye (1:100; Beckman Coulter Cat.A07704). Compensation was performed

using mouse IgG CompBeads (BD Biosciences, Cat.552843).

Generation of Chimeric Antigen Receptor — T Cells

CAR constructs were packaged individually into lentivirus using second-generation
packaging constructs. Briefly, HEK293T cells were seeded into T-75 cm2 flasks at a
density of 10 million cells per flask and cultured in high-glucose DMEM with 2mM L-
glutamine and 1mM sodium pyruvate supplemented with 1% non-essential amino acid
solution and 10% fetal bovine serum. The following day, media was replaced with viral
harvesting media (HEK culture media supplemented with 10mM HEPES and 1mM
sodium butyrate). CAR plasmid 8.75ug, psPAX (8.75ug, Addgene Cat.12260) and
pMD2.G (1.75ug, Addgene Cat.12259) were mixed with 58 ug polyethylenimin (PEI) in
1.3mL of Opti-MEM. After indubating for 15 minutes at room temperature, the PEI/DNA

mixture was carefully added into the T75 flasks in a dropwise manner. Viral supernatants
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were collected 72 hours after transfection and concentrated using ultracentrifugation
(20,000 rpm for 2 hours at 4°C). Samples were resuspended in 100uL of XSFM and
stored at —80°C until required.

Peripheral blood mononuclear cells (PBMCs) were collected from consenting
healthy blood donors and grown in XSFM media (Irvine Scientific, Cat.91141). T cells
were activated using Transact (Miltenyi Biotec, Cat.130-111-160) in 24-well plates
supplemented with 100U/mL rhiIL-2 (Peprotech, Cat.200-02). The following day, T cells
were transduced with lentivirus and expanded into fresh media (XSFM media
supplemented with 100U/mL rhlL-2) as required for up to 14 days until experimentation,
or frozen for storage. Transduction efficiency was determined by GFP expression in T
cells, analyzed using a CytoFLEX flow cytometer (Beckman Coulter). Dead cells were

excluded using 7AAD the viability dye (1:100; Beckman Coulter, Cat.A07704).

Cytotoxicity Assay

Luciferase-expressing GBM cell lines (Target cells) were generated and plated at
a concentration of 10* cells per well in 96-well plates containing 100uL of NCC media.
CAR-T (Effector) cells were then added in 100uL at 0:1, 1:1, 2:1, and 5:1 Effector-to-
Target (E:T) ratios and incubated at 37°C for 24 hours. Control wells were incubated
without CAR-Ts to measure spontaneous lysis or treated with 1% Nonidet P-40 (NP40,
Thermofisher, Cat#98379) to measure maximal lysis. At 6- and 24-hour time points D-
firefly luciferin potassium salt (100 mg/mL) was added to each well ten minutes before
readout. Measurements were conducted with a luminometer (Omega) for ten seconds

and calculated as relative luminescence units (RLU).
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Percent Specific Lysis = 100 x [(Spontaneous Lysis RLU — Test RLU)]/[(Spontaneous

Lysis RLU - Lysis Control RLU)]

CAR-T Activation

Activation assays were established similar to cytotoxicity assays using wild type
GBM cells as target cells. CAR-Ts were co-cultured with target cells at a 1:1 ratio for 24
hours before being collected, centrifuged and washed. T cells were then stained for CD3
with PE-Cy7-conjugated mouse-anti-human CD3 antibody (BD Biosciences,
Cat.563423), and GFP+/CD3+ cells were analyzed for activation markers CD25 (BD
Biosciences Cat.555432) and CD69 (BD Biosciences, Cat.555533) by flow cytometry
using a CytoFLEX flow cytometer (Beckman Coulter). Dead cells were excluded using
7AAD the viability dye (1:100; Beckman Coulter Cat.A07704). Compensation was

performed using mouse IgG CompBeads (BD Biosciences, Cat#552843).

CAR-T Proliferation

CAR-T cells were co-cultured with target cells at a 1:1 ratio for 24 hours. Cells were
then collected and GFP+/CD3+ cells were plated at a density of 1,000 cells/200 uL per
well and incubated at 37°C and 5% CQO? for three days. A fluorescent cell metabolism
indicator, was then added to each well four hours prior to reading out the assy.
Fluorescence was measured using a FLUOstar Omega Fluorescence 556 Microplate
reader (BMG LABTECH) with excitation and emission wavelengths of 544nm and 590nm

respectively. Readings were then analyzed using Omega analysis software.
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CAR-T Cytokine Production

CAR-T cells were co-cultured with target cells at a 1:1 ratio for 24 hours.
Supernatants were collected and stored at -80°C until required. DuoSet ELISA kits for
human IFN-gamma (R&D Systems, Cat.DY285B) and human TNF-alpha (R&D Systems
Cat.DY210) were used for quantification of cytokines, according to manufacturer’s

descriptions.

Animal Studies and Tumor Analysis

Animal studies were performed in accordance with guidelines outlined by Animal
Use Protocols of McMaster University Central Animal Facility. Intracranial injections were
conducted in 6-8 week old NOD/SCID gamma (NSG) mice as previously described
(Chokshi et al. 2021) using GBM4 and GBM8 (1x10° cells per mouse). Briefly, a small
burr hole was drilled 2mm behind the coronal suture and 3mm to the right of the sagittal
suture. Cells suspended in 10 yL PBS were injected intracranially using a Hamilton
syringe (Hamilton, Cat#7635-01) into the right frontal lobes. Animals were sacrificed at
humane endpoint followed by perfusions using 10% formalin and collected brains were
sliced into 2mm thick sections with a brain-slicing matrix for paraffin embedding and H&E
staining. Images were captured using an Aperio Slide Scanner (Leica Biosystems) and
analyzed using ImageScope v11.1.2.760 software (Aperio). Survival studies utilized the
number of days post-surgery and input for Kaplan-Meier analysis. NOG-EXL (Taconic,
NOD.Cg-Prkdcs [12rgimSug Tg(SVA0/HTLV-IL3,CSF2)10-7Jic/JicTac, Cat.13395-F)

mice were purchased for humanized studies and injected as previously outlined.
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Chapter 5: Discussion

Cancer is a complex disease that affects millions of people globally and has been
the subject of extensive research for generations. Over the years, significant
advancements have been made leading to improved treatments and a better
understanding of the underlying mechanisms of the disease. Despite these
achievements, cancer remains a significant health burden with many challenges
remaining to be overcome. At present, cancer research is focused on several key areas,
including the development of more powerful diagnostic tools, understanding of the genetic
and molecular drivers of cancer, and exploring innovative treatment options. The use of
liquid biopsies for example, which involves analyzing blood samples is becoming
increasingly common and has the potential to revolutionize the way brain tumours are
diagnosed rather than requiring highly invasive surgeries.

GBM is an aggressive type of brain cancer that has a poor prognosis and limited
treatment options. Despite the significant advances made in the research of other
malignancies, little improvement has been made for patients with GBM. One significant
area of research is the study of the genetic and molecular drivers. Researchers are using
more advanced technologies such as genomics, epigenetics, and transcriptomics to gain
a better understanding of the genetic changes that occur in cancer cells. In GBM the use
of targeted therapies is being designed to exploit specific genetic changes that occur
rather than affecting all cells in the brain indiscriminately, as traditional chemotherapy
does. Precision medicine is a personalized approach to cancer treatment that considers
an individual's unique genetic makeup and the specific genetic changes that have

occurred in their tumor. Currently, there are several targeted therapies in development
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for GBM such as drugs to inhibit blood supply or drugs that inhibit specific signaling
pathways.

Currently most immunotherapies target immune checkpoints using antibodies to
effectively "unmask" cancer cells and allow the immune system to attack them. In
preclinical studies, immunotherapies have been effective against GBM, and it is likely
some of these treatments could be incorporated into standard of care in the future as they
become more sophisticated and personalized. Precision medicine is becoming more
widespread in cancer research and will continue to do so as genetic tests become
cheaper and computers becomes more powerful to analyze larger data sets. This
knowledge will help researchers develop new and improved immunotherapies that are
being developed to become off-the-shelf products.

Chapter 2

In Chapter 2, | explored novel biology of GSCs to uncover genetic regulators of
CD133 and stemness. CRISPR screens are relatively new tools allowing researchers to
identify the function of specific genes in biological processes. Stemness is a complex
process with several signaling pathways involved. Here, | was able to rapidly generate a
large data set to identify several genes important in GSCs and validate the importance of
a subset of genes. Some genes (such as KEAP1 and SOX2) have been extensively
studied in GBM while others (TADA1 and TADAZ2B) lack comprehensive examination in
healthy or cancerous contexts altogether. Using patient derived GBM samples in a stem
cell enriching media in this context for the first time provided an extensive data set for
what contributes to tumor progression and can be exploited in the future for translational

medicine.
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One striking similarity between NSCs and GSCs is their regulation by signaling
pathways that control cell proliferation, survival, and differentiation. The overlapping
features of NSCs and GSCs have important implications for the development of new
treatments for GBM. This could result in a more effective and less toxic treatment for brain
cancers. SOX2 is an important transcription factor in the brain and studies have shown
that alterations in SOX2 can have significant effects on brain development and function.
For example, overexpression of SOX2 in the adult brain has been shown to increase the
production of new neurons, which may have therapeutic potential for the treatment of
neurological disorders. Finding the balance between healthy stem cells and cancerous
stem cells will be critical for developing regenerative medicines.

For this reason | conducted the first CUT&RUN in GBM to examine SOX2
interactions with DNA across the genome. CUT&RUN is an improvement over ChIP-seq
because of higher detection of DNA sequences due to lower background noise. The
reduced sample requirements are invaluable for rare specimens such as primary brain
tumors. Our main hypothesis was proven that SOX2 has a direct interaction with PROM1
to regulate CD133 expression in GBM. The finding is the first direct link whereas previous
studies only showed correlative associations. Because detection of the SOX2-PROM1
interaction occurred in situ, this is a powerful contribution to deconvoluting biological
processes regulating stemness. In addition to this, this interaction provides another
insight into the biology of CD133 where signaling mechanisms and potential ligands have
long remained elusive to the scientific community. This CUT&RUN data set was

generated to validate PROM1 regulation via SOX2 in GBM but will serve as a discovery
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platform for future scientists to distinguish differences of other markers regulated by
SOX2.
Chapter 3

A major challenge to treating GBM is the highly invasive nature of cells, which
makes it near impossible to remove the tumor through surgery. It is likely in the future that
new surgical techniques will be developed to better resect the tumor and improve patient
outcomes, but there remains a significant need for new and effective treatments alongside
this. One of the most rapid advancements in cancer research in recent decades has been
the development of cell therapies. The biggest challenge developing cell therapies such
as CAR-Ts is identifying the specific targets that the immune system can attack in cancer
cells while leaving normal tissue unharmed. This is of particular concern in brain tumors
because of the incredibly delicate nature of the brain.

In Chapter 3, | examined the biology of an understudied protein in GBM to study
how it contributes to tumor progression and why it is expressed. As previously mentioned,
NSCs and GSCs share several signaling pathways. RNA-seq is another high-throughput
technique we employed to analyze the expression and abundance of RNA in our primary
cell lines. By contrasting the signaling pathways and genes that are not shared between
NSCs and GSCs we identified GPNMB as a tumor associated antigen. This is a major
contribution to the field of GBM because most of the previous publications relied on
mouse models, RNA only or induction of GPNMB at the protein level to interrogate its
biology. The identification of GPNMB as a protein expressed within GBM cells
themselves, particularly when and how it is upregulated at recurrence after first line

treatment for patients failed is an invaluable insight to develop new therapies in the future.
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In Chapter 4, | built on the rationale of GPNMB being a valuable target for
immunotherapies and tested a novel CAR-T in a series of contexts. Previous attempts to
target GPNMB have been limited to ADCs. By showing the absence of GPNMB
throughout the body we provided strong rationale for a systemic cell therapy being a
viable option for patients. Genetically engineering T cells to target and destroy cells which
express GPNMB at the surface could provide a more durable treatment option because
of the omnipresence of the CAR-Ts.

While GPNMB CAR-Ts were effective at reducing tumor burden and prolonging
mouse survival time in our PDX models, mice eventually succumbed to this disease. The
heterogeneity displayed by GBM ultimately means a single therapy is unlikely to be
effective in the clinic so rational co-targeting strategies must be employed. Again, we
succeeded in combining GPNMB CAR-Ts with our previously published CD133 to target
mutually exclusive populations and more comprehensively target the tumor. While our
data was proof-of-concept using a pooled approach, bi-specific and tandem CAR
constructs could also greatly improve our approach in the future. Cell therapy is a rapidly
evolving field with the potential to revolutionize the way we treat a variety of diseases and
conditions.

In addition, modulating the TIME has been an intense area of focus, particularly
modifying TAM functions. Inhibiting CD47 and CD73 have proven to be effective methods
of enhancing anti-tumor responses in immunocompetent models. Because it has been
shown GPNMB more closely associated with TAMs compared to M1 or M2 polarizations,
we validated the presence of GPNMB at the surface of macrophages and making them

susceptible to our CAR-T. Since our binder sequence of the CAR-T is not compatible with
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the mouse ortholog of GPNMB, we utilized humanized mouse models to test whether
CAR-Ts could A) overcome an immunosuppressive microenvironment to kill tumor cells
and B) kill TAMs. In theory, this could be an effective method to not only reduce the size
of the bulk tumor, but also eliminate a large proportion of the immunosuppressive niche
to enhance anti-tumor responses of other immune cells of the host. While we successfully
achieved the former stated goal, data is pending for the latter and will be available for

future discussions.

Future Directions

CAR-NKs (chimeric antigen receptor natural killer cells) are a promising
advancement in the realm of cellular therapies and could be beneficial for GBM patients.
CAR-NKs are like CAR-Ts, but genetically incorporate the CAR construct to NK cells.
One advantage of CAR-NKs over CAR-Ts is their ability to target multiple cancer cells
simultaneously unlike traditional CAR-Ts, which often only target a single specific protein
on cancer cells. CAR-NKs have shown promising results in preclinical studies for their
ability to effectively target cancer stem cells which prevented the growth and spread of
the disease. In addition to their versatility and effectiveness, CAR-NKs also have a
relatively low toxicity profile compared to CAR-Ts. However, there remain challenges to
overcome before these are applied on a large scale such as safety concerns of off-tumor
toxicity, or simply manufacturing large enough quantities of cells at an economical cost.

In conclusion, the future of GBM research holds great promise, with many exciting
developments on the horizon. From new surgical techniques and immunotherapies to

targeted therapies and diagnostic tools, the future of GBM research is bright. As
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technology continues to advance, researchers will have the tools they need to make even
greater strides in the fight against this disease, bringing us closer to a world where GBM

is no longer a threat to human health.

Concluding Remarks

In my thesis, | present a modern perspective of glioblastoma research, my
contributions to the field and possible avenues for future scientists in my position to
explore. Not only was | fortunate enough to use multiple incredibly powerful high
throughput techniques to generate data | was fortunate enough to be surrounded by
wonderful scientists to help make sense of it all. While asking questions and solving
puzzles has been a past time of mine since I've been able to do either, my biggest fear
was having all my work sit on a shelf the rest of my life unused. While that remains a
possibility and time will tell, | could not be prouder of the hypotheses | have been able to
test in my time and | fully believe these insights will make meaningful impacts in the lives
of patients if | am fortunate enough for someone after me to take the baton and build on

these foundations.
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Chapter 2 Figure Captions

Figure 1. Genome-wide screen on patient derived glioblastoma stem cells.

A) Characterization of CD133 surface levels in patient derived GSC samples.

B) Secondary sphere assay of GSC samples sorted in CD133+/- populations to assess
in vitro sphere formation.

C) Proliferation assay of GSC samples sorted in CD133+/- populations to assess
proliferative capacity in comparative subpopulations.

D) Schematic of experimental plan for the identification of genetic interactions in BT935.
GSCs transduced with TKOv3 were expanded for 12 doublings to be sorted into the
top/bottom 5% percentiles of CD133 surface expression.

E) Graphical representation of fitness effects (log2 fold-change, LFC) for reference core
essential and non-essential gene sets defined in Hart et al., 2017.

F) Precision-recall curves for the three CRISPR experimental populations using the

reference core essential gene set defined in Hart et al., 2017.

Figure 2. Data mining biological processes for top ranked genetic interactions of
CD133 in the BT935 CRISPR Screen.

A) Rank correlation of normalized sgRNA read count between experimental populations
of the BT935 CRISPR Screen.

B) DrugZ scores for all ranked genes comparing AC133-high to AC133-low GSC
populations.

C) CD133 positive and negative interactions. A scatter plot illustrating the fitness effect
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(LFC) of all genes highlighting which exhibited a significant genetic interaction. Negative
(blue) and positive (yellow) CD133 genetic interactions are shown. Node size
represents DrugZ score of genes.

D) Gene Ontology (GO) enrichment of biological processes among genes that exhibited
a significant genetic interaction with CD133. The p-values of biological processes are
represented by the greyscale color legend (right).

E) String database analysis of interaction networks formed by the top 50 ranked
negative genetic interactors of CD133 surface expression. Color coding of interactions:

red, Glioma Stem Cells; green, Embryonic Stem Cells; blue, Transferase Complex.

Figure 3. Investigating Functional Role of Hits in CD133 Regulation and Stemness.
A) Characterization of CD133 surface levels in patient derived GSC samples after
knockouts of candidate genes in duplicate.

B) Measurements of Mean Fluorescence Intensity of CD133 surface levels in patient
derived GSC samples after knockouts of candidate genes in duplicate.

C) Protein quantification and normalization (right) to control AAVS1 after knockouts of
candidate genes in duplicate.

D) Self-renewal capacity readout of GSC samples after knockouts of candidate genes in
duplicate.

E) Proliferative capacity readout of GSC samples after knockouts of candidate genes in

duplicate.
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Figure 4. Validating the dysregulation of SOX2 binding in GSCs.

A) RNA expression levels of SOX2 in GBM tissues (red, TCGA) compared to normal
brain tissue (grey, GTEXx).

B) Western blot validating reduction of CD133 across GSC cell lines in SOX2 CRISPR
knockouts and target specific antibody for CUT&RUN.

C) CUT&RUN schematic to identify DNA interactions with SOX2. Visualizing the high
level overview of permeabilizing live cells for SOX2 primary antibody incubation, DNA
cleavage and nucleotide extraction for sequencing.

D) IGV profile of PROM1 visualizing genomic binding of SOX2 within the first intron.

Supplementary 1. Biological replicates of validation experiments examining top
ranked genetic interactions with CD133.

A) Bulk RNA transcript levels of top ranked genetic interactions in GBM. Blue-scale
color intensity represents higher transcripts per million.

B) Bulk RNA transcript levels of SOX2 across cancer types and representative matched
normal tissues.

C) Characterization of CD133 surface levels in patient derived GSC samples after
knockouts of candidate genes in duplicate (BT954 left, MBT103 right).

D) Measurements of Mean Fluorescence Intensity of CD133 surface levels in patient
derived GSC samples after knockouts of candidate genes in duplicate (BT954 left,
MBT103 right).

E) Protein quantification and normalization (right) to control AAVS1 after knockouts of

candidate genes in duplicate (BT954 left, MBT103 right).
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F) Self-renewal capacity readout of GSC samples after knockouts of candidate genes in

duplicate (BT954 left, MBT103 right).

G) Proliferative capacity readout of GSC samples after knockouts of candidate genes in

duplicate (BT954 left, MBT103 right).

Supplementary 2. Antibody Validations.

A) Western blots of all gene knockouts of interest.

Supplementary 3. Gene Correlations.

A) RNAseq correlations of all gene knockouts of interest in TCGA.
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Chapter 3 Figure Captions

Figure 1. Identifying GPNMB as a Clinically Relevant Target in Glioblastoma.
A) GSC and NSC cell lines were flow sorted into CD133+ and CD133- populations
followed by RNAseq to reveal differentially expressed genes (right).

B) Analysis comparing GPNMB in GBM tissue subtypes compared to normal brain
tissues.

C) Western blot validating GPNMB protein is restricted to GBM specimens.

D) Hematoxylin and eosin stain of CD133- GBM xenograft overlays with GPNMB
immunohistochemistry.

E) Normal human brain regions lack GPNMB expression.

Figure 2. GPNMB Contributes To Tumor Progression And Upregulates At
Recurrence.

A) Western blots validating reduced GPNMB levels in pooled CRISPR knockouts of
primary GBMSs.

B) Proliferative capacity readout of primary GBM samples after knockouts of GPNMB
compared to AAVS1 controls.

C) Orthotopic xenografts display increased survival time in populations with lower
GPNMB levels.

D) RNA expression levels of patient GBM samples grown in vitro, in vivo or as intact
patient tissue samples.

E) Volcano plots showing differentially expressed whole cell proteomics of a patient
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matched primary-recurrent GBM sample grown in vitro.

F) Immunohistochemistry block of PDX block harbouring recurrent GBM (BT972).

G) Comparative whole cell proteomic analysis of 43 intact patient matched primary-
recurrent GBM tissues.

H) Representative sample of immunohistochemistry blocks of patient matched primary-
recurrent GBM tissues and HALO annotations.

1) HALO quantification of immunohistochemistry blocks of 15 patient matched GBMs.

Figure 3. GPNMB in the Tumor Immune Microenvironment.

A) Single-cell RNA expression levels of GPNMB in bulk GBM tissue.

B) Gene Ontology enrichment analysis of TCGA RNAseq data of GBM revealing
biological processes associated with GPNMB.

C) Gene correlations of GPNMB with classic macrophage and inflammatory markers in
TCGA GBM samples.

D) Proliferative capacity readout of wild type GL261 compared to GPNMB clonal
knockouts.

E) Orthotopic xenografts display increased survival time in populations deficient in
GPNMB expression (Clone 3).

F) Schematic of syngeneic mouse single-cell analysis of GPNMB expression.
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Figure 4. GPNMB Modulates Hallmark Pathways Of GBM And Well Known
Immune Pathways.

A) Readout of upregulated (left) and downregulated (right) pathways in GPNMB-KO
mice.

B) Gene set enrichment analysis of pathways modulated in GPNMB knockouts (red)
and the top enriched pathways associated with GPNMB in blue.

C) Enriched pathways associated with GPNMB and significant genes differentiall
expressed in each pathway, highlighting previously reported biological processes.
D) Co-expression profile of pathways associated with GPNMB expression.

E) Reduced IRF8 transcription factor activity is displayed in GPNMB knockouts,
highlighting the most significantly upregulated genes in wild type GL261 cells.

F) GPNMB promoter sequence highlighting transcription factor binding regions of IRF

family members.

Figure 5. GPNMB Is Upregulated To Counteract The Proinflammatory Signals of

Interferons

A) Inflammation signaling pathways enriched in PDX models treated with SoC

B) Trajectory of GBM evolution in response to SoC, displaying pseudotime progression
along with Epithelial-Mesenchymal Transition gene signature and inflammatory genes
of interest.

C) Gene correlation of GPNMB and IRF8 in bulk GBM samples in TCGA.

D) Clustered analysis of GPNMB and members of interferon signaling across GBM

subtypes.
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E) Clustered analysis of GPNMB and members of interferon signaling across cell types

in GBM tumors.

Supplementary 1. Examining Enriched Pathways Comparing CD133+/- of GSCs and
NSCs.

A) Four Gene Set Enrichment Analyses, comparing and contrasting groups.
B) Analysis comparing GPNMB across GBM subtypes.

C) Pathways enriched in CD133+ populations of both GSCs and NSCs.

D) Pathways enriched in GSC populations compared to NSC populations

E) Pathways specifically enriched in CD133+ or CD133 GSC populations.

Supplementary 2. Preliminary data identifying the distribution of GPNMB through
multiomic examination in patient derived GBM samples.

A) Immunohistochemistry optimization of GPNMB in treatment naive PDX blocks.

B) Patient matched primary-recurrent GBM whole cell proteomics.

C) Transmembrane protein structure of GPNMB with posttranslational modifications.

D) UMAP of single-cell data displaying GPNMB distribution throughout primary and

recurrent GBMs.

Supplementary 3. Supporting data of GL261 single-cell data.

A) Western blot validating successful clonal knockouts of GPNMB compared to wild

type (WT) lines.
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B) UMAP of single-cell data highlighting GL261 wild type and clonal knockout, showing
absence of GBM cells in sham control populations.

C) GPNMB distribution comparing wild type and clonal knockout lines, highlighting GBM
and immune populations.

D) Enrichment scores of transcription factor activity.
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Chapter 4 Figure Captions

Figure 1. Chimeric Antigen Receptor T Cells Are a Viable Inmunotherapy
Modality.

A) Tissue microarray of 23 normal tissues throughout the human body.

B) Western blot validating clonal knockouts of GPNMB in SK-MEL-2 cell lines and target
specificity of GPNMB antibody (R&D Systems AF255).

C) Titration curve of dose response of AF2550 detecting surface expression levels of
GPNMB on SK-MEL-2.

D) Flow cytometry analysis of multiple GBM cells lines indicating surface accessability

for CAR-Ts.

Figure 2. CAR-T Validations in vitro.

A) Chimeric Antigen Receptor, second-generation schematic of GPNMB and CD19
constructs.

B) Transduction efficiency readout as determined by GFP+ expression indicating
successful integration of lentivirus into T cells.

C) Cytotoxicity assays revealing time and dose dependent killings in GBM8 (left) and
GBMA4 (right) lines.

D) EVOS microscope view of CAR-Ts variably swarming and engaging target cells.
E) CAR-T activation readout at 24 hour timepoint.

F) Proliferation readout of CAR-Ts three days after exposure to target cells.

G) IFN-gamma production levels determined by ELISA of multiple target cells.
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H) TNF-alpha production levels determined by ELISA of multiple target cells.

Figure 3. Monotherapy treatments of PDX models with intracranial CAR-Ts.

A) Visual representation of experimental timeline for in vivo CAR-T trials.

B) Weekly bioluminescent measurements using IVIS in PDX models.

C) Tumor volume measurements and survival times in GBM8 bearing mice after single
doses of monotherapy treatments.

D) Tumor volume measurements and survival times in GBM4 bearing mice after single
doses of monotherapy treatments.

E) Examination of residual tumors using H&E and IHC (GPNMB) for PDX mice treated
with CD19 CAR-Ts (left) or GPNMB CAR-Ts (right).

F) Plasma membrane expression levels of antigens of interest in freshly processed

brains of PDX mouse brains 10 days after treatment with CAR-T constructs.

Figure 4. Rational combination treatments using CAR-Ts in GBM models. .
A) Flow cytometry showing distribution of GPNMB and CD133 in GBM populations
showing distinct populations.

B) Therapy regimens of CAR-Ts injected intracranially.

C) Weekly bioluminescent measurements using IVIS in PDX models.

D) Tumor volume measurements and survival times in GBMS8 bearing mice after
sequential doses of treatments.

E) Kaplan-Meier survival analysis of tumor bearing mice.
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Figure 5. Rational combination treatments using CAR-Ts in GBM models. .

A) Western blot showing relative abundance of GPNMB in myeloid lineage cells types.
B) Surface expression levels of GPNMB in myeloid lineage cells types.

C) Cytotoxicity assays revealing time and dose dependent killing of macrophages in
response to CAR-Ts

D) Western blot indicating positive presence of GPNMB in recurrent GBM, BT972 (HEK-
negative control).

E) Examination of PDX mouse engrafted with BT972 showing tumor distribution (H&E)
and GPNMB distribution specific to tumor regions.

F) Tumor volume measurements and survival times in NOG-EXL humanized mice after
sequential doses of treatments with GPNMB CAR-Ts or untransduced T cells.

G) Kaplan-Meier survival analysis of NOG-EXL humanized mice after sequential doses

of treatments with GPNMB CAR-Ts or untransduced T cells.

Supplementary 1. Inmunohistochemistry optimization of GPNMB antibody.

A) Positive control PDX (GBMS, left) and negative control (BT935, right)

Supplementary 2. Rational combination treatments using CAR-Ts in GBM models.
A) Therapy regimens of CAR-Ts injected intracranially including staggered treatment
combinations.

B) Tumor volume measurements and survival times in GBM8 bearing mice after
sequential doses of treatments. C) Cytotoxicity assays revealing time and dose

dependent killing of macrophages in response to CAR-Ts
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C) Weekly bioluminescent measurements using IVIS in PDX models and subsequent
survival times including staggered treatment combinations.

D) Tumor volume measurements and survival times in GBM8 bearing mice after
sequential doses of CD133 CAR-Ts or staggered with GPNMB CAR-Ts.

E) Kaplan-Meier survival analysis of tumor bearing mice after sequential doses of
CD133 CAR-Ts or staggered with GPNMB CAR-Ts.

F) Tumor volume measurements and survival times in GBM8 bearing mice after
sequential doses of CD133 CAR-Ts or staggered with GPNMB CAR-Ts.

G) Kaplan-Meier survival analysis of tumor bearing mice after sequential doses of

GPNMB CAR-Ts or staggered with CD133 CAR-Ts.
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Chapter 2, Figure 2
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Chapter 2, Figure 4
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