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LAY ABSTRACT 

 

 

Glioblastoma (GBM) is one of the most common malignant brain tumors in 

adults. Despite an aggressive therapy regimen, almost all patients relapse 7-9 months 

post-diagnosis. Therapy failure and poor patient outcome may be attributed to a small 

population of cells known as glioblastoma stem cells, or GSCs, that are able to escape 

therapy and seed disease recurrence. GSCs are most notably identified by the cell surface 

protein CD133, which has previously been shown to associate with pro-tumor properties 

including treatment resistance, tumor growth, maintenance, progression and metastasis. 

While expression of CD133 in cancer has been heavily characterized, little is currently 

known about its function. One such avenue to understand its mechanism of action in 

cancer, and more particularly GBM, is to define its interactions with other proteins. 

Protein-protein interactions play a pivotal part as the backbone of signalling pathways 

that drive tumor development and growth. Therefore, defining and mapping the CD133 

interaction network may help us understand how this protein governs regulation of GSCs, 

and ultimately, GBM progression. 

While the biology of CD133 has yet to be elucidated, targeting CD133 on GSCs 

has presented a promising therapeutic strategy for patients with GBM. Previously in the 

Singh Lab, we developed an engineered T-cell therapy, known as a CAR-T, that can 

recognize CD133 to induce tumor cell death. While this showed success in our animal 

models of human GBM, other considerations must be addressed on its path to clinical 

development. As of current, CAR-T therapies are generated from T-cells taken from 

cancer patients. This hosts a myriad of concerns including the quality of patient T-cells, 
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the time and cost to manufacture, and its availability for patients with rapidly progressing 

disease. To circumvent this issue, donor-derived CAR-T cells can be genetically 

engineered for safe usage in GBM patients as a readily available, “off-the-shelf” therapy. 

To define the function of CD133, we have attempted to use a technique known as 

BioID, which tags the protein of interest with a smaller biotin ligase. This biotin ligase 

can subsequently tag proteins that come within the vicinity of CD133, that may later be 

identified by sequencing as potential interactors. As current use of BioID may not reliably 

mimic the interaction of CD133, we sought to genetically engineer human GBM lines 

with the BioID protein to more closely resemble tumor-relevant behaviours of CD133. To 

develop a donor-derived CAR-T therapy, we similarly used genetic engineering of T-cells 

to ensure specific targeting of tumor cells with CD133, while sparing healthy tissues. By 

using CD133 as a centralizing concept in this thesis, we ultimately hope to develop our 

biological understanding of CD133, while testing the therapeutic development of a donor-

derived CAR-T therapy.   
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ABSTRACT 

 

CD133, a pentaspan glycoprotein, has long been known to represent aggressive, 

stem-like populations across various human malignancies. While its expression correlates 

with numerous clinical outcomes including disease progression, metastasis, recurrence, 

and poor overall survival in numerous cancers, little is currently known about its function. 

In the brain cancer glioblastoma (GBM), CD133-expressing cells have previously been 

shown to initiate tumours, evade therapy and interestingly, self-renew, a key property of 

cancer stem cells. With an implied signalling role in driving self-renewal, we aim to 

elucidate the role of CD133 in glioblastoma. To understand the role of CD133, we aim to 

study its protein-protein interactions using the proximity-dependent labelling technique 

known as miniTurboID. By tagging proteins of interest with a promiscuous biotin ligase 

at both      protein termini, potential interactors can be biotinylated and identified by 

subsequent mass spectrometry. While miniTurboID has traditionally been performed by 

synthetic transgenes expressing the tagged proteins of interest in commercial cell lines, 

overexpression may not recapitulate its native function. Thus, using CRISPR technology, 

we aim to insert the miniTurboID ligase at both the N- and C-terminus of CD133 in 

patient-derived human GBM lines.  

Although little is currently known about CD133 function, development of targeted 

therapies has presented a promising strategy in pre-clinical studies. In the Singh Lab, we 

previously developed a chimeric antigen receptor T-cell, or CAR-T, comprised of a T-cell 

expressing a synthetic receptor capable of recognizing a tumor-associated antigen and 

activating cytolytic-killing directed towards the target cell. Currently, CAR-T therapies 
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are autologous, or patient-derived, in nature which may host a myriad of concerns 

including patient-specific qualitative and quantitative T-cell dysfunction, inconsistent 

generation of CAR products, and availability to rapidly progressing patients. To 

circumvent this concern, “off-the-shelf”, donor-derived or allogeneic CAR-T products 

may be generated for use in GBM patients. However, in addition to CAR integration, 

allogeneic products must be additionally modified to eradicate expression of the 

endogenous TCR, as this would induce a phenomenon known as graft versus host disease, 

in which healthy tissues are targeted.  

Thus, in this thesis, we show gene editing potential in human GBMs to perform an 

endogenous genomic knock-in of miniTurboID. With the identification of interacting 

proteins, defining the subsequent functionality of CD133 may elucidate oncogenic 

cellular programs, and highlight common nodes of interaction within divergent cell 

signaling pathways.  To develop an allogeneic CAR-T product, we designed a two-step 

approach in which the CAR sequence was integrated into the TCR gene for simultaneous 

knock-out. We later show early pre-clinical efficacy in comparison to traditional 

autologous CAR-T in our patient-derived models of human GBM. Thus, by using CD133 

as a centralizing concept in this thesis, we ultimately hope to develop our biological 

understanding of CD133, while testing the therapeutic development of a donor-derived 

CAR-T therapy.   
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CHAPTER 1: Introduction 

1.1 Glioblastoma 

1.1.1 Epidemiology 

Glioblastoma (GBM) is the most common primary malignant brain tumour in 

adults, accounting for 14.5% of all brain and CNS neoplasms, and 57.7% of all gliomas 

(Ostrom et al., 2020). In Canada, GBMs affect 4.50 per 100,000 persons annually, with 

increasing incidence over the past thirty years.  GBMs are primarily diagnosed in older 

males, with a median age of 65, reaching peak incidence of 15.30 persons per 100,000 

between 75-84 years (Ostrom et al., 2020).  

1.1.2 Clinical and Histopathological Features  

           As a tumor often found in the cerebrum, patients with GBM often present with 

focal neurological deficits including motor weakness, seizures, speech difficulties and 

headaches depending on tumor localization (Sanli, Turkoglu, Dolgun, & Sekerci, 2010). 

Upon symptom presentation, patients undergo radiological imaging by computed 

tomography (CT) or magnetic resonance imaging (MRI) (Alexander & Cloughesy, 2017). 

Typical CT imaging features of GBMs reveal a heterogeneous and infiltrative disease 

with irregular-enhancing margins, a hypodense center representing necrosis, and 

peritumoral, vasogenic-type edema (Abd-Elghany et al., 2019; Rees, Smirniotopoulos, 

Jones, & Wong, 1996). Most GBMs present as focal disease, however, 2-20% of patients 

present with multifocal, satellite areas of enhancement and regional necrosis (Alexander 

& Cloughesy, 2017; Hassaneen et al., 2011; Patil et al., 2012).  While differential imaging 

features may provide insight into prognostic and/or molecular features, diagnosis of GBM 
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is primarily confirmed by histological and molecular analysis of resected or biopsied 

tissue (David N. Louis et al., 2016; Wangaryattawanich et al., 2015). The World Health 

Organization (WHO) classifies gliomas into four grades based on histological features of 

nuclear atypia, microvascular proliferation, high mitotic activity and necrosis (Aldape, 

Zadeh, Mansouri, Reifenberger, & von Deimling, 2015; D'Alessio, Proietti, Sica, & 

Scicchitano, 2019; D. N. Louis et al., 2007). While several histomorphological patterns 

exist, all GBMs meet these histological criteria and are thus characterized as WHO Grade 

IV tumors (Gupta & Dwivedi, 2017). Although the WHO classification scheme has 

proven reliable, histological heterogeneity of tumors and the lack of association with 

tumor aggressiveness, treatment response and progression-free survival (PFS) presents a 

diagnostic challenge. However, molecular and cytogenetic information in concert with 

histological assessment has reproducibly assisted in the classification and diagnosis of 

diffuse gliomas such as GBM (Vigneswaran, Neill, & Hadjipanayis, 2015). 

1.1.3 Molecular Classification and Diagnosis 

Molecular classification of GBM has been defined by the detection of chromosomal 

aberrations (1p/19q co-deletions) and isocitrate dehydrogenase (IDH) 1 or 2 mutational 

statuses. Although GBMs are characterized by the absence of 1p/19q translocation events, 

previously, IDH-mutational status was used to further stratify GBM into one of two 

subtypes; primary or de novo GBM, or secondary GBM (Vigneswaran et al., 2015; H. 

Yan et al., 2009). Accounting for 90% of all GBMs, primary GBMs developed rapidly 

without previous evidence of malignant neoplastic disease, while secondary GBMs 

progressed from lower grade gliomas (Ohgaki & Kleihues, 2013). Although histologically 
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indistinguishable, primary and secondary GBMs differ in biological, phenotypic, and 

clinical properties as a result of differential IDH mutational status, of which primary 

GBM is IDH-wildtype (Ohgaki & Kleihues, 2013). However, as of the new 2021 WHO 

classification schema, GBM diagnosis is limited only to IDH-wildtype specimens, with 

secondary GBMs now simply characterized as IDH-mutant Grade IV astrocytomas (D. N. 

Louis et al., 2021). 

1.1.4 Treatment and Prognosis 

Historically, GBM was treated by maximally safe surgical resection, followed by 

adjuvant radiotherapy. Cytoreductive surgery has remained as a first line therapy to 

reduce mass effect and enhance overall survival for the treatment of GBM. Extent of 

resection (EOR) has previously been demonstrated to independently predict survival 

(Sanai, Polley, McDermott, Parsa, & Berger, 2011). Following surgical management, 

radiation has been the most important adjuvant treatment modality in extending survival 

in patients (Hau et al., 2016). To increase survival benefit, the addition of various 

chemotherapeutic agents to the standard therapy had later been investigated. Since the 

early 1980s, assessment of combination treatment with various chemotherapeutic agents 

including carmustine, cisplatin and procarbazine yielded little success (Chang et al., 1983; 

Green et al., 1983; Grossman et al., 2003; Shapiro et al., 1989; Stupp et al., 2005). 

However, in 2002, a phase II trial demonstrated that concomitant use of temozolomide, a 

novel oral alkylating agent, with radiotherapy was safe, efficacious and well tolerated for 

primary GBM (Stupp et al., 2002). These results prompted the assessment of a 

randomized phase III trial comparing the efficacy of radiotherapy alone versus 
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concomitant radiotherapy and TMZ. Unlike previous chemotherapeutic agents, 

concomitant TMZ significantly increased median overall survival (OS) by 2.5 months, 

and two-year survival by 16.1%, thus redefining the SoC for patients with GBM (Stupp et 

al., 2005). This new multimodal regimen would thus consist of surgical resection, 60 

grays (Gys) of fractionated focal irradiation (2 Gy daily for five days per week over a six-

week period) with 75 mg/m2 of oral TMZ daily, followed by six maintenance cycles of 

oral TMZ (150-200 mg/m2 for five days every 28 days) (Stupp et al., 2005). However, 

despite this aggressive SoC, median OS has remained at 14.6 months. Some advances 

have been made in surgical procedures and techniques such as the introduction of 

fluorescence-guided surgery, neuronavigation, functional mapping and intraoperative 

MRI to minimize morbidity (Young, Jamshidi, Davis, & Sherman, 2015). Other minor 

advancements include maintenance therapy adjuncts such as tumor-treating fields 

(TTFields), consisting of anti-mitotic, low-intensity, alternating electrical currents which 

increased OS and PFS in a randomized clinical trial (Stupp et al., 2017). However, since 

the advent of TMZ, no major treatment advances have drastically improved patient 

outcome (Fernandes et al., 2017).  

1.1.5 Prognostic Markers and Risk Stratification 

 

Despite little change in patient outcome over the past decade, molecular 

biomarkers and risk stratification have attempted to improve prognosis by guiding 

therapeutic intervention and clinical management of disease (Sheng et al., 2020). 

Biomarkers may also predict therapeutic response and guide personalized approaches. 

One such marker is O6-methylguanine-DNA methyltransferase (MGMT), which encodes 
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for a DNA repair enzyme and is predictive for response to alkylating agent chemotherapy 

such as TMZ. Treatment with TMZ drives methylation of purine bases of DNA, primarily 

at O6-guanine sites, creating mispairing of DNA bases. This lesion becomes cytotoxic 

upon activation of DNA mismatch repair (MMR) by futile base-excisions, leading to 

apoptosis (J. Zhang, Stevens, & Bradshaw, 2012). However, methyl adducts can be 

removed by MGMT, generating resistance to TMZ. Expression of MGMT can be marked 

by profiling of methylation status of its promoter, in which methylation induces 

transcriptional repression. Thus, methylation of the MGMT promoter has presented as a 

positive prognostic factor for response to TMZ in GBM in numerous studies (median OS, 

methylated = 21.7 months, unmethylated = 13.8 months) (Hegi et al., 2005). While 

stratifying GBM patients based on MGMT status to receive TMZ shows potential for 

treatment decision-making, lack of attractive therapeutic alternatives for MGMT-

unmethylated patients makes this approach less practical for current clinical use (Wick et 

al., 2014).  

In the context of IDH-wildtype GBM, other molecular markers have shown 

clinical and prognostic significance including amplification of epidermal growth factor 

receptor (EGFR), telomerase reverse transcriptase promoter (TERTp) methylation, global 

methylation phenotype, and copy number variation (CNV) (Ceccarelli et al., 2016; Eckel-

Passow et al., 2015; Mirchia & Richardson, 2020). However, independent significance 

remains poor, requiring a thorough understanding of the molecular alterations underlying 

GBM progression, and the identification of novel, robust biomarkers. 
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1.2 Molecular Characterization of GBM 

 

1.2.1 Genomic and Mutational Profile 

In assessing the genomic landscape, GBM exhibits DNA copy number alterations 

(CNA), aberrant gene expression and DNA methylation, as well as pathway 

dysregulation. Molecular studies from the early 2000s identified important genetic events 

in the pathogenesis of GBM. In 2004, a population-based study on de novo GBM 

identified the most frequent genetic alterations; loss of heterozygosity (LOH) of 10q 

(69%), amplification of epidermal growth factor receptor (EGFR) (34%), tumor protein 

53 (TP53) mutations (31%), p16INK4a homozygous deletion (31%) and phosphatase and 

tensin homolog (PTEN) mutations (24%) (Ohgaki et al., 2004). Later in 2008, The Cancer 

Genome Atlas conducted a pilot project to comprehensively characterize genomic 

alterations in human GBM in 206 de novo GBM specimens. Mapping of somatic 

nucleotide substitutions, homozygous deletions and focal amplifications and copy number 

alterations (CNAs) revealed frequent aberrations in receptor tyrosine kinase (RTK) 

signalling, and the TP53 and retinoblastoma tumor suppressor pathways. Analysis of 

CNA data alone revealed 70%, 66% and 59% of somatic alterations in RB, TP53 and 

RTK pathways respectively (Cancer Genome Atlas Research, 2008). Mutational analysis 

of mitogenic RTK signalling revealed that 86% of GBM samples harboured at least one 

genetic event in core pathways including Ras and phosphoinositide 3-kinase (PI3K). 

These included mutations and or amplifications in ERBB2, platelet-derived growth factor 

receptor A (PDGFRA), MET, neurofibromatosis 1 (NF1), phosphatase and tensin 
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homolog (PTEN) and EGFR. Genomic alterations in at least 2 of the 4 RTK groups in 

11% of specimens additionally indicated co-activation and cooperation of these 

independent signalling pathways, leading to oncogenic proliferation and survival. Of the 

87% of specimens that revealed TP53 alterations, 14% of deletions or mutations were 

observed in cyclin-dependent kinase inhibitor 2A (CDKN2A), 11% in MDM2 and 4% in 

MDM4. CDKN2A alterations, namely genomic deletions, were also observed in the RB 

pathway along with CDKN2B and cyclin dependent kinase 4 (CDK4) (Brennan et al., 

2013; Cancer Genome Atlas Research, 2008). However, mutations in the transcriptional 

corepressor RB1 were mutually exclusive, suggesting multiple genomic mechanisms to 

RB signalling and subsequent cell cycle progression. Other independent analyses of the 

genomic landscape of GBM corroborated the identification of relevant alterations in these 

three pathways (Brennan et al., 2013; Cancer Genome Atlas Research, 2008; Parsons et 

al., 2008). Thus, these findings in de novo GBM specimens suggested that the three 

“truncal” pathways were a core requirement for GBM pathogenesis (Cancer Genome 

Atlas Research, 2008).  

Other oncogenic mutations have been reported in GBM, namely chromosomal 

translocation and structural rearrangement, gene fusions and promoter mutations events. 

In addition to the identification of LOH of chromosome 10q, gain of chromosome 19/20, 

gain of chromosome 7 and heterozygous and/or homozygous loss of chromosome 9p are 

frequently observed and coexist (Crespo et al., 2011). Less frequent intrachromosomal 

translocation events such as those in chromosome 4 lead to oncogenic fusion events of 

fibroblast growth factor receptor 3 (FGFR3) and transforming acidic coiled-coil 3 
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(TACC3) in smaller subsets of GBM (3.1%) (D. Singh et al., 2012). Somatic mutations in 

regulatory regions may also play a role in gliomagenesis, such as promoter mutations in 

TERT, and less frequently in the ubiquitin ligase TRIM28 and the calcium channel gamma 

subunit CACNG6 (Ceccarelli et al., 2016). 

 

1.2.2 The DNA Methylome and Epigenomic Regulation 

 

Regulation of gene expression by epigenetic processes are hallmark processes in 

the development of cancers. Similarly, epigenomic regulation of GBMs are observed and 

work in synergy with genomic alterations to give rise to tumorigenic properties (Jones & 

Baylin, 2007). In addition to mutations detected in oncogene promoters, promoter-

associated DNA methylation alterations induce changes in transcriptional activity of 

regulatory genes. Analysis of DNA methylation patterns in 272 GBM tumors identified 

three methylation patterns, of which the first cluster revealed a highly concordant pattern 

of methylated loci. Termed the glioma-CpG island methylator phenotype (G-CIMP), 

GBM specimens with this phenotype showed differential clinical and molecular 

characteristics associated with hypermethylation, and thus transcriptional silencing, of 

tumor invasion and extracellular matrix genes (Noushmehr et al., 2010). By 2012, a study 

of 210 GBM samples identified six methylation subtypes of GBM, including G-CIMP, 

with distinct global methylation patterns, clinical features, tumor localization, genomic 

alternations, CNAs and gene expression profiles (Sturm et al., 2012). Other epigenomic 

events have also been implicated in GBM including histone modification, chromatin 

remodelling, and non-coding RNA regulation (Lu, Akinduro, & Daniels, 2020; Sturm et 

al., 2012; Y. Zhang et al., 2017). However, despite extensive profiling and molecular 
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stratification, standardization and clinical utility of epigenomics as a diagnostic measure 

have been limited in GBM, and more broadly across diverse brain tumours (Capper et al., 

2018). 

1.2.3 Transcriptomic Landscape and Subgrouping 

 

Analysis of the genomic and epigenomic landscape provided insight into the 

underlying biological mechanisms of GBM pathogenesis. However, gene expression 

profiling in the mid 2000s highlighted previously underappreciated molecular 

heterogeneity in GBMs and presented as a putative tool for more robust prediction of 

survival (Freije et al., 2004). One the earliest studies of molecular stratification of high-

grade gliomas, including GBM, identified four hierarchical clustering groups of tumours 

termed 1A, 1B, 2A and 2B from a set of 595 genes. Membership in hierarchical cluster 

1A strongly predicted favourable prognosis and was characterized by overexpression of 

genes involved in neurogenesis. Membership in hierarchical clusters 1B, 2A and 2B 

revealed poorer prognoses and were characterized by overexpression of genes involved in 

synaptic transmission, mitoses and extracellular matrix components and regulators, 

respectively. While this prognostication was promising, stratification revealed 

membership of lower grade gliomas (WHO Grade III) in group 1B. The lack of strong 

prognostic differences in clusters with predominantly GBM membership (1B, 2A and 2B) 

suggested the need for a GBM-specific classification system. Thus, a study in 2006 

developed an independent molecular classification consisting of three tumor subclasses; 

proneural (PN), proliferative (Prolif) and mesenchymal (Mes), recognized by their 

dominant molecular features. While WHO Grade III gliomas were included in the 
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identification of these classes, a significant proportion of GBM lesions were classified 

into each of the three molecular categories (31% PN, 20% Prolif and 49% Mes) (Phillips 

et al., 2006). The PN subtype revealed strong association with normal brain tissue and the 

process of neurogenesis, while the Prolif and Mes subtypes resembled highly proliferative 

tissues and tissues of mesenchymal origin, respectively. Between the three subtypes, the 

PN subtype revealed markedly better prognoses. In 2010, the TCGA expanded on this 

classification system by identification of two additional subtypes in an independent 

analysis of 200 GBM patient samples. This newer classification comprises four subtypes 

termed Proneural (TCGA-PN), Neural (TCGA-NE), Classical (TCGA-CL) and 

Mesenchymal (TCGA-MES). The newly defined TCGA-CL subtype was found to be 

characterized by chromosome 7 amplification paired with chromosome 10 loss (93% of 

samples), high-level EGFR amplification (95% of samples), and homozygous deletion of 

Ink4a/ARF locus (95% of samples). CL GBMs were also characterized by lack of 

additional abnormalities in TP53, NF1, PDGFRA or IDH1. This study confirmed the 

presence of a TCGA-MES and TCGA-PN subtype now characterized by high frequency 

of NF1 mutations/deletions and alterations in PDGFRA/IDH1, respectively. The TCGA-

NE subtype was typified by expression of neuronal markers; however, this subtype was 

later removed due to the identification of normal neural lineage contamination (Verhaak 

et al., 2010; Q. Wang et al., 2017). However, in assessing the clinical relevance of this 

subtype, few differences were observed except for the TCGA-PN subtype in which 

apparent prognoses was confounded by relatively favourable outcomes of IDH-mutant 
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GBMs that were frequently classified under this molecular category (Verhaak et al., 2010; 

Q. Wang et al., 2017).  

As newer technologies have emerged to comprehensively interrogate genomic and 

transcriptomic architecture, Neftel et al. attempted to redefine transcriptional subtypes 

using single-cell RNA sequencing (scRNA-seq). Integrative analysis of 28 tumors by 

scRNAseq in combination with bulk genetic and expression data of 401 TCGA specimens 

defined six meta-modules or recurrent programs; mesenchymal-like (MES-like) 1, MES-

like 2, astrocytic-like (AC-like), oligodendroglial-like (OPC-like), and neural progenitor-

like (NPC-like) 1 and 2. MES-like 1 and 2 were characterized by mesenchymal-related 

gene expression, in which MES-like 1 showed strong association with hypoxia-response 

genes. The other four meta-modules were characterized by neurodevelopmental genes 

characteristic of neuronal or glial lineages or progenitor cells, but with distortions from 

normal developmental programs (Neftel et al., 2019). While this classification was even 

more comprehensive than its predecessors, the lack of relevant clinical annotation 

suggested limited utility for prognostication using transcriptomic stratification. However, 

these studies highlighted the significant amount of sample to sample or intertumoral 

heterogeneity of GBMs.  

 

1.3 Intratumoral heterogeneity (ITH) 

 

Through molecular stratification, intertumoral heterogeneity of GBMs was 

thoroughly characterized. However, prognostic value may have been limited due to an 

additional confounding factor known as intratumoral heterogeneity (ITH). Numerous 

studies in GBM have revealed spatial and temporal heterogeneity within a single tumor at 
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the genomic, transcriptomic, cellular and functional levels. Thus, while bulk expression 

programs such as the TCGA subtypes may have been informative to the array of 

alterations across GBMs, the layered diversity of states in GBM may have hindered 

prognostication.  

1.3.1 Spatiotemporal Heterogeneity  

 

Early studies in GBM suggested the presence of ITH at the spatial or regional 

level. Previous studies in GBM relied on a single regional biopsy from a surgical 

specimen, and pooled tumor-lysate approaches that may have inadvertently 

underappreciated lower frequency alterations (Francis et al., 2014; Qazi et al., 2017). 

However, multiregional analyses of tumor specimens at the genomic level highlighted 

regional variability in genotypic aberrations. In 2003, fluorescence in situ hybridization 

(FISH) analyses of 14 surgical specimens detected low level EGFR amplifications in 

TP53-mutant tumors. Initially believed to be mutually exclusive genomic events, regional 

analysis of samples highlighted genomic spatial heterogeneity. Even more so, in tumors 

with detectable EGFR amplifications, non-uniform, topologically-graded distribution of 

cells was observed (Okada et al., 2003). Genetic spatial heterogeneity was later expanded 

on in which multiple other RTKs revealed heterogeneous mosaic amplification in single 

tumor specimens (Snuderl et al., 2011). The detection of spatially distinct genomic events 

within a single surgically-resected specimen later suggested that spatial heterogeneity 

may be a more widespread phenomenon. Thus, in 2013, Sottoriva et al. attempted to 

assess genomic, spatial ITH by objective surgical multisampling to derive spatially 

distinct tumor fragments from eleven GBM patients. While some genetic aberrations were 
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consistent across samples from the same patient, CNAs were heterogeneously detected in 

tumor fragments (Sottoriva et al., 2013). Later work by Kim et al. again revealed genomic 

spatial ITH by profiling of 38 specimens, in which those with distal recurrent tumor foci 

had highly divergent genomic profiles in comparison to their local counterparts (J. Kim et 

al., 2015). Unsurprisingly, the indication of spatial genomic ITH suggested that this 

diversity would be detected in other levels of the tumor. Indeed, resultant transcriptomic 

heterogeneity has been extensively profiled in GBM. Irrespective of spatial organization, 

GBMs show significant transcriptional diversity. In the same surgical sampling study, 

matched specimens were assessed for transcriptomic subtypes, revealing that fragments 

from the same tumor mass were classified into different GBM subtypes. With the advent 

of higher resolution technologies, single-cell RNA sequencing of five freshly resected 

GBMs additionally revealed significantly high transcriptional diversity within single 

tumors by comparison to healthy brain controls (Patel et al., 2014). Similar to the 

previous study, tumors were also scored on bulk RNA (population-level) profile which 

identified the associated transcriptional subtype of each sample. However, when bulk 

analysis was compared to single-cell transcriptional subtype, individual cells revealed a 

heterogeneous mixture of subtypes within a single tumor. Higher intratumoral subtype 

heterogeneity in different tumors with the same population-level subtype also 

corresponded to decreased survival, emphasizing the clinical relevance of ITH not 

previously appreciated in molecular stratification efforts (Patel et al., 2014).  In 

consequence of spatial genomic heterogeneity, spatial transcriptomic heterogeneity has 

also been investigated in GBM. While previous studies have assessed a broad array of 
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tumor tissue, a recent study performed transcriptomic analysis of distinct anatomical 

regions of GBM: the leading edge, infiltrating tumor, cellular tumor, pseudopalisading 

cells and necrosis, and microvascular proliferation regions. Samples from these regions 

were microdissected from 41 tumors and analysed by RNAseq following ISH. 

Differential gene expression profiling revealed that samples from different anatomical 

regions within the same tumor had distinct expression profiles (Puchalski et al., 2018). 

Beyond these biologically-distinct, anatomical regions, a recent study assessed spatial 

transcriptomics of 24 GBM specimens identifying a total of 139 patient-specific clusters, 

again highlighting inter- and intratumoral spatial heterogeneity (Ravi et al., 2021). 

 In addition to spatial heterogeneity, GBMs show temporal evolution and 

heterogeneity. ITH at a temporal level may result from various selective pressures such as 

therapy that continually drive dynamic glioma evolution. Prior to molecularly 

interrogating temporally-spaced GBM specimens, temporal heterogeneity was inferred by 

phylogenetic reconstruction of copy number profiles and whole genome sequencing (H. 

Kim et al., 2015; Sottoriva et al., 2013). However, later work utilizing sequential tumor 

biopsies uncovered and confirmed a considerable degree of temporal evolution at the 

genomic level of GBMs, with only 25-75% of shared genetic alterations between initial 

and recurrent tumors from the same patient (Barthel et al., 2019; Johnson et al., 2014; J. 

Kim et al., 2015; Touat et al., 2020). While certain genetic alterations believed to occur at 

the earliest stages of GBM development, known as “truncal” mutations, remained such as 

chromosome 7 gains and chromosome 10 losses, GBMs can exhibit can acquire 

treatment-induced hypermutation, or selection against clones present at the initial tumor 
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(Barthel et al., 2019; Touat et al., 2020; J. Wang et al., 2016). Due to the scarcity of 

temporally-distinct tumor tissues, temporal evolution has also been tracked by matched 

collections of CSF containing circulating tumor DNA (ctDNA) from GBM patients. Of 

patients with detectable ctDNA, divergence of genetic profiles from the initial resected 

tumor to the ctDNA increased with larger time interval between collection. Interestingly, 

genomic profiles in GBM corroborated with previous studies in which “truncal” 

alterations persisted, with convergent and branched evolution of acquired genomic 

alterations in core glioma pathways such as growth receptor pathways (Miller et al., 

2019). At the transcriptomic level, transcriptomic temporal heterogeneity has also been 

frequently observed and studied in GBM. On a bulk RNA level, over 66% of GBM 

patients have been observed to undergo transcriptional subtype switching, with a bias 

towards the more aggressive, mesenchymal subtype (Phillips et al., 2006; J. Wang et al., 

2016; Q. Wang et al., 2017) Subtype switching has also been documented on a single-cell 

resolution by cellular DNA barcoding in which heritable genetic barcodes were seen 

among cells of different transcriptional states, unambiguously illustrating temporal 

transcriptomic plasticity (Neftel et al., 2019). By independently demonstrating temporal 

and spatial heterogeneity independently, it is apparent that the two phenomena combine 

to generate an extensive degree of ITH in GBM. Together, these studies also present ITH 

as a clinical and molecular factor for poor prognosis, and therapy evasion and resistance 

not previously accounted for.   
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1.3.2 Functional Heterogeneity 

Studies of spatiotemporal dynamics in GBM presented ITH as an underpinning of 

treatment resistance and tumor recurrence. From an evolutionary perspective, the ongoing 

selection of cell populations with differential molecular characteristics may give rise to a 

tumor landscape driven by various biological programs (Qazi et al., 2017). This may in 

turn allow tumors to exhibit functional heterogeneity in which a single specimen hosts 

diverse sensitivities to therapeutic agents targeting single pathways or phenotypes. Early 

studies of functional heterogeneity attempted to address feeble clinical responses to RTK-

inhibitor monotherapy. Characterization of RTK expression revealed that single GBMs 

coactivate multiple RTKs, thereby limiting efficacy of therapies targeting single RTKs. In 

vitro treatment of various RTK targeting compounds including EGFR inhibitor 

(erlotinib), hepatocyte growth factor receptor inhibitor (c-MET) (SU11274) and 

PDGFR/c- KIT/abl kinase inhibitor (imatinib) were insufficient as monotherapies and 

were only effective when combined. This study thus highlighted that ITH of RTK 

expression could confer resistance to single therapies by activation of redundant 

mechanisms (Stommel et al., 2007). While this pointed to ITH as a mechanism of 

treatment resistance, the study of bulk GBM specimens did not directly link genomic 

heterogeneity to functional heterogeneity. Thus, in 2015, Meyer et al. performed single-

cell derived clonal genomic and functional analyses of GBM specimens. Upon generating 

44 individual single cell cultures, functional characterization revealed differential growth, 

differentiation potential, and chemotherapeutic response, including TMZ from a single 

tumor. Integrated genomic and transcriptomic analysis confirmed genomic heterogeneity 
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of clones and tied differential drug response to gene expression profiles, highlighting 

pathways including ion channels, neurotransmitter signaling, and synaptic membrane 

genes in resistant clones (Meyer et al., 2015). In addition to suggesting that clones with 

differential resistance profiles could coexist within a single specimen, this study shed 

light on the molecular contributions of ITH to functional differences in tumors that drive 

treatment resistance and relapse. In 2017, Reinartz et al. expanded on the assessment of 

functional heterogeneity in GBM and again demonstrated differential clonal sensitivity to 

various chemotherapeutic agents, but also identified therapy-induced shifts that rendered 

primary therapies less effective, revealing the significance of temporal ITH on differential 

drug response (Reinartz et al., 2017). While clonal analysis was informative, assessment 

of drug sensitivity on focal surgical specimens underestimated the extent of functional 

heterogeneity. Thus, to more extensively define functional heterogeneity, recent works 

have additionally defined the contributions of spatial heterogeneity by treatment of 

several focal tumor biopsies from single tumors. High-throughput screening of 461 

compounds from a wide range of drug classes including apoptotic modulators, 

conventional chemotherapies and inhibitors of histone deacetylases, heat shock proteins, 

proteasomes and kinases revealed heterogeneous response tied to individual biological 

traits. By maximizing clonal diversity in GBM specimens, this study addressed how drug 

sensitivity is distributed across disease (Skaga et al., 2019). In the context of phenotypic 

similarity, functional screening using CRISPR-Cas9 technology in GBM has highlighted 

the role of genomic heterogeneity on functional heterogeneity in drug resistance. TMZ 

resistance and sensitivity was revealed by be governed by a core set of genes in the MMR 
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pathway. However, different samples revealed genotype-specific dependencies despite 

varying degrees of phenotypic similarity in TMZ-resistance (MacLeod et al., 2019). 

Together, these studies highlight the functional consequence of bulk and spatiotemporal 

molecular ITH, and present ITH has a source of therapy resistance leading to disease 

relapse. 

1.3.3 The Tumor Microenvironment 

 

Beyond the neoplastic cell compartment, GBM heterogeneity is further 

complicated by extrinsic factors that comprise the dynamic immunosuppressive tumor 

microenvironment (TME). The TME consists of residing and infiltrating immune cells 

that create a complex milieu to promote tumor invasion, plasticity and growth (Q. Wang 

et al., 2017). The GBM TME has been revealed to host endothelial cells, tumor-

infiltrating lymphocytes, tumor-associated microglia and macrophages (TAMs), and 

myeloid-derived suppressor cells (MDSCs) that dampen anti-tumor immunity, in which 

innate and adaptive immune responses lead to tumor control, as well as generate 

treatment-resistance (Razavi et al., 2016).  

Endothelial cells (ECs) are stromal cells that generate excessive and aberrant 

vasculature in a process known as angiogenesis to promote GBM growth. GBM-

associated ECs additionally produce paracrine factors that support other components of 

the TME and can transform into mesenchymal-like cells that are highly proliferative, 

migratory and chemoresistant (M. Huang et al., 2020). Together with pericytes and 

smooth muscle cells, dividing endothelial cells result in the formation of collapsible, 

defective and permeable blood vessels to generate foci with low oxygen or hypoxia 
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(Monteiro, Hill, Pilkington, & Madureira, 2017). Hypoxic regions within GBM are 

hostile environments that drive necrosis, resistance to treatment, and neoplastic cell 

invasion and motility (Colwell et al., 2017). Even more, hypoxic regions often obstruct 

anti-tumor immunity by exerting immune suppression on various effector cells. Effector 

cells, namely cytotoxic T-cells marked by CD8, have previously been shown to mount an 

anti-tumor response in many cancers (O'Donnell, Teng, & Smyth, 2019). However, 

GBMs show known immune evasion mechanisms driven by cell-mediated and molecular 

microenvironmental modulation. Subsets of TILs and TAMs, along with MDSCs, drive 

cell-mediated immunosuppression in the TME. T-regulatory cells (Tregs) are a subset of 

CD4 or T-Helper cells that are recruited to the TME by chemotaxis. These cells inhibit 

anti-tumor T-cell activity by blocking production of effector cytokines including 

interferon-gamma (IFN-γ), and IL-12, IL-10 and transforming growth factor beta (TGF-β) 

(H. Wang et al., 2021). While cytotoxic T-cells may infiltrate GBMs in the TME, the 

cumulation of immunosuppressive signals induce dysfunction that impairs tumor 

targeting. Other cell populations in the TME that drive immunosuppression are TAMs. 

TAMs can be divided into two populations; resident microglia, or bone marrow-derived 

macrophages which along with T-cells infiltrate the TME by entry through a disrupted 

and dysregulated blood-brain-barrier (BBB), glymphatic drains in the dural sinuses, 

and/or through skull and vertebral bone marrow reservoirs (Arvanitis, Ferraro, & Jain, 

2020; Cugurra et al., 2021; Louveau et al., 2015). In additional to releasing 

immunosuppressive and pro-tumorigenic cytokines into the TME, TAMs induce 

cytotoxic T-cell dysfunction and apoptosis by expression of markers including 
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programmed cell death ligand 1 (PD-L1), cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4), FasL, and CD73 (Goswami et al., 2020; Razavi et al., 2016). Recent 

scRNAseq deciphering the composition of TAMs additionally showed that they are 

heterogeneous and represent various functional states (Ochocka et al., 2021). The TME 

also contains myeloid-derived suppressor cells, a population of bone marrow-derived 

immature myeloid cells. Like TAMs, MDSCs hinder the activity of T and natural killer 

(NK) cells, again inhibiting anti-tumor immunity (Bayik et al., 2020). While the TME 

adds to the extensive ITH observed in GBM, bidirectional paracrine signalling between 

tumor cells and the TME further drives ITH (Gangoso et al., 2021; Hara et al., 2021; Q. 

Wang et al., 2017). Together, the multifaceted nature of ITH makes GBM a highly 

complex, plastic and aggressive disease. 

 

1.4 Cancer Stem Cells 

 

While characterization of ITH in GBM has been informative, defining the source of 

heterogeneity presented as a rational development towards targeting the root of GBM. 

Studies in liquid malignancies such as leukemia linked ITH to a clonal population of 

neoplastic cells with distinct stem-like properties broadly known as cancer stem cells 

(CSC) (Lapidot et al., 1994). Under this model of cancer, a small population of cells are 

endowed with stem cell properties of proliferation, self-renewal and multi-lineage 

differentiation potential, as well as distinct tumor-initiation capacity. By homeostatic 

control of self-renewal and differentiation, CSCs can generate a heterogeneous pool of 

progeny comprising ITH (Dalerba, Cho, & Clarke, 2007 2007). Investigation in brain 

tumors including GBM identified a population of CSCs that showed properties of 
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stemness in vitro and in vivo (Galli et al., 2004; S. K. Singh et al., 2003; S. K. Singh et al., 

2004). Variably termed brain tumor initiating cells (BTICs), brain tumor stem cells 

(BTSCs) or glioma stem cells (GSCs), these cells were isolated based on studies 

performed in normal neural stem cells (NSCs) which displayed self-renewal capacity by 

formation of neurospheres, a cluster of cells arising from a single stem cell (Reynolds & 

Weiss, 1992). Similarly, GSCs showed in vitro neurosphere formation when isolated from 

human brain tumors, including GBM (S. K. Singh et al., 2003). While this study 

confirmed the presence of stem-like properties of cells derived from brain tumors, later 

work sought to define true measure of CSCs, self-renewal in vivo and recapitulation of 

the original tumor. Serial retransplantation of isolated GSC populations generated tumors 

in vivo indicating self-renewal and gave rise to multilineage neoplastic cells thus 

confirming that these were in fact CSCs (S. K. Singh et al., 2004). Since the identification 

of GSCs, these cells have been shown to give rise to other cellular subpopulations 

including endothelial cells (Ricci-Vitiani et al., 2010). As GSCs were postulated to be at 

the apex of the tumor hierarchy and responsible for tumor initiation, numerous studies 

have attempted to uncover the cell-of-origin of GBM, and the transforming events that 

lead to a GSC phenotype (Alcantara Llaguno et al., 2015; Friedmann-Morvinski et al., 

2012; Jacques et al., 2010; C. Liu et al., 2011). Most recently, GBM was suggested to 

arise from astrocyte-like NSCs in the subventricular zone (SVZ) that contains low-level 

driver mutations previously implicated in gliomagenesis (J. H. Lee et al., 2018). While 

these studies postulated a unidirectional hierarchy, more recent studies have suggested 

that GSCs are dynamic and encompass a complex array of microstates that are defined 
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and maintained by environmental influences (Prager, Bhargava, Mahadev, Hubert, & 

Rich, 2020 Hubert, & Rich, 2020). Despite dynamic changes, GSCs may represent a 

conserved program with the highest entropy in the GBM cellular hierarchy solely capable 

of driving and maintaining tumor growth (Couturier et al., 2020; Lan et al., 2017; 

Richards et al., 2021; Suva et al., 2014). 

1.4.1 GSC Markers 

Identification of GSCs has led to numerous studies to define a bonafide marker for 

isolation and therapeutic targeting. Prospective sorting of tumor cells by the cell surface 

protein CD133, a normal NSC (Uchida et al., 2000) and hematopoietic stem and 

progenitor cell (HSPC) marker (Miraglia et al., 1997), preferentially gave rise to clonally-

derived neurospheres and recapitulated the phenotype of the tumor from which they were 

derived both in vitro and in vivo (S. K. Singh et al., 2003; S. K. Singh et al., 2004). 

However, the use of CD133 as a canonical GSC marker has been confounded with newer 

evidence suggesting that CD133- cells also exhibit tumorigenic capacity (Beier et al., 

2007; Joo et al., 2008). This suggested that CD133 would not definitely demarcate GSC 

populations under a reductionist, binary and functional understanding of CSCs into ‘stem’ 

and ‘non-stem’ populations. However, the cancer stem cell hypothesis has morphed into a 

more nuanced understanding in which stemness may be a contextual and dynamic 

property. Tumor cells may thus transition between GSC and non-GSC states in response 

to autocrine or microenvironmental cues (Prager et al., 2020 & Rich, 2019). In 2010, a 

report by Chen et al, identified three clonogenic cell types- two of which were CD133- 

(Type I and III) and one CD133+ (Type II).  Type I and Type II cells produced secondary 
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clones that expressed CD133 while Type III produced strictly CD133- clones. 

Interestingly, while all types were able to produce neurospheres in cultures in vitro and 

tumors in vivo, Type I and Type II which generated CD133+ clones produced more 

heterogeneous progeny, had increased growth kinetics and were able to generate tumors 

in vivo. While this data presents populations of self-renewing CD133− cells that could be 

masked by differentiated populations of CD133−, only CD133+ cells reliably exhibited a 

stem phenotype (Chen et al., 2010). Additionally, these works suggested that Type I and 

Type II cells represent inter-convertible phenotypic states of the same cell population. 

Thus, CD133+ expression may still mark a dynamic GSC phenotype that may be acquired 

or lost, but maintained within tumors (Brescia et al., 2013). 

The significance of CD133 in marking GSC populations has additionally been 

revealed in the attempt to identify other reliable markers. Other markers have often been 

revealed to be co-expressed with CD133 and may represent subsets of GSCs in tumor 

niches. One such marker is integrin alpha 6, an extracellular matrix receptor, which was 

found to be highly expressed in the GSC population, particularly within the perivascular 

niche. While integrin alpha 6-expressing cells had tumorigenic potential, cells that co-

expressed CD133 had the highest tumor-initiating capacity when co-segregated with 

integrin alpha 6 expression (Lathia et al., 2010). Similarly, discovery of another putative 

GSC marker, A2B5, a glial progenitor marker, revealed 100% tumor formation when co-

expressed with CD133 versus 92% engraftment of A2B5+CD133- cells, indicating the 

significance of CD133 as a GSC marker (Ogden et al., 2008). Assessment of an 

additional GSC marker, CD15, or stage specific embryonic antigen 1 (SSEA-1) revealed 
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that CD133 expression more reliably predicted expression of other stem markers 

including SOX2, BMI1, OLIG2, and EZH2 (Son, Woolard, Nam, Lee, & Fine, 2009 Lee, 

& Fine, 2009). Interrogation of the neuronal cell adhesion molecule L1CAM showed 

similar results in which L1CAM appeared to be a subset of CD133+ GSCs rather than as 

independent marker (Bao et al., 2008). Together, these studies highlight that other 

markers may identify CSCs without underscoring the significance of CD133 in GBM. 

1.4.2 CD133 in therapy resistance 

As GSCs represent a biologically relevant subpopulation, investigation into its 

clinical relevance was necessary to define. Thus, multiple studies sought to establish the 

clinical utility of CD133 as a prognostic biomarker in GBM. CD133-expression has been 

shown to be predictive of pattern (local vs distal) and timing of recurrence, time to 

malignant progression from low-grade gliomas, and poor OS in GBM (Venugopal et al., 

2015; Zeppernick et al., 2008). As CD133 broadly marked poor outcome, other works 

sought to define the link between clinical factors and function in gliomagenesis. Thus, the 

role of CD133-expression in mediating therapy resistance was investigated. CD133+ cells 

derived from human xenograft and patient specimens have previously shown increased 

radioresistance and repopulation after ionizing radiation therapy in comparison to their 

CD133- counterparts. This was mediated by activation of DNA damage response, 

particularly of checkpoint activation, that would allow CD133+ cells to preferentially 

survive radiation-induced apoptosis. (Bao et al., 2006). CD133+ cells, or GSCs, were thus 

revealed to be primed to evade radiotherapy. As SoC combines chemotherapy, CD133+ 

cells were later assessed for their drug resistance capabilities. Indeed, CD133+ cells 
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showed significant resistance to four conventional chemotherapeutic agents, including 

TMZ. While mechanisms of drug resistance were not thoroughly studied, 

chemoresistance was suggested to be mediated by higher expression of an ATP-binding 

cassette transporter protein known as BCRP1, a drug transporter protein and/or MGMT 

on CD133+ cells (G. Liu et al., 2006). As GSCs have previously been shown to evade 

chemotherapy to propagate new tumor cells into recurrence through quiescence, these 

studies suggested that CD133-expressing cells could survive and persist through 

treatment and re-emerge to initiate tumor relapse, as observed in a similar paradigm of 

AML (Shlush et al., 2014). While the clinical significance of CD133 has been defined for 

GBM, the molecular mechanisms that govern preferential therapy resistance and stemness 

have not been defined. Thus, while many groups have shown the utility of CD133, little is 

known about the underlying biological mechanisms that mediate associated phenotypes.  

1.5 Biological Function and Regulation of CD133 

1.5.1 Biochemical Properties of CD133 

 

PROM1 gene is located on chromosome 4 in humans and is differentially 

regulated at the genomic, transcriptomic and protein levels (GeneCard: GC04M015912). 

The PROM1 gene has been shown to contain at least five TATA-less alternative 

promoters (P1-P5) that are expressed in a tissue-dependent manner (Shmelkov et al., 

2004; Sompallae et al., 2013). Of interest is expression under P2, the third most distally 

located promoter, which drives CD133 expression in brain and ovarian tissues. 

Transcription has also been shownn to be regulated by promoter methylation, as observed 

by the presence of a CpG island encompassing promoters P1-3 of CD133 which is 
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regulated by MYC and SP1 (Gopisetty, Xu, Sampath, Colman, & Puduvalli, 2013 

Colman, & Puduvalli, 2013; Sompallae et al., 2013; Tabu et al., 2008). At the 

transcriptional level, 27 exons have been identified in PROM1, of which seven variants 

are produced by alternative splicing (Fargeas et al., 2004). Transcripts encode for a 

pentaspan protein with three cytoplasmic domains, five helical transmembrane domains, 

and three extracellular loops (UniProtKB: 04390). Post-translationally, CD133 can 

additionally be modified by glycosylation and acetylation events. Golgi intermediate 

compartment residing acetyltransferases NAT8B and NAT8 physically interact with 

CD133 to acetylate the protein on three lysine residues predicted to reside on the first 

extracellular loop (Mak et al., 2014). CD133 additionally shows eight putative asparagine 

(N)-linked glycosylation sites, and one phosphoserine site at the protein’s C-terminus 

(UniProtKB: 04390) (Rigbolt et al., 2011) 

1.5.2 CD133-regulated signalling pathways 

 

As of current, little is known about the function of CD133. Insight into its function 

in the context of ontogeny has been limited to the discovery of a frame-shift mutation in 

prominin-1, the CD133 gene, leading to an autosomal-recessive, retinal degenerative 

disease (Maw et al., 2000). While this implicated CD133 in early retinal development, little 

has been identified of its function in the context of oncology, and more particularly in 

GBM.  

Early work in GBM attempted to identify transcriptomic profiles associated with 

CD133 expression in GBM. To explore these underlying molecular characteristics, our lab 

previously identified a CD133 gene expression signature based on CD133 co-expressed 
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and anti-co-expressed genes from three independent brain tumor gene expression datasets 

(GSE7696 [n=84], GSE13041 [n=191], GSE4290 [n=180]) representing 455 gliomas. The 

CD133 signature comprised probe sets from the top and bottom 5% of all probes based on 

similarity in expression to CD133. Using gene set enrichment analysis (GSEA), cancer 

stem cell genes as well as in embryonic stem cell signatures were observed to be 

significantly enriched in the CD133 signature (Venugopal et al., 2015). Similar work from 

the Tian group identified an independent CD133 gene expression signature by 

transcriptomic profiling of sorted CD133+ and CD133- cells from human GBM consisting 

of 214 differentially expressed genes resembling human embryonic stem cells (X. Yan et 

al., 2011).  

Generation of molecular networks comprising protein products encoded by CD133 

co-expressed genes identified 4 modules with distinct biological processes: cell 

proliferation pathways (PLK1 and Aurora B Kinase), RNA processing and metabolism, 

protein translation and export, and DNA repair (Fanconi anemia pathway). To further 

identify CD133 associated self-renewal machinery, connectivity mapping of the CD133-

dependent gene signature identified anti-helminthic drug Pyrvinium, which was capable 

of attenuating CD133-mediated proliferation, self-renewal, and tumor formation in 

GBMs. Previous studies suggested that pyrvinium exerts anti-neoplastic effects by 

attenuation of developmental signaling pathways such as sonic hedgehog (SHH), and 

AKT signaling (Venerando, Girardi, Ruzzene, & Pinna, 2013 & Pinna, 2013). Thus, gene 

expression analysis of Wnt protein AXIN, a target of the canonical Wnt protein β-catenin, 

revealed decreased expression in pyrvinium-treated samples. Global GSEA additionally 
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linked CD133 with other signaling pathways that govern self-renewal and proliferation, 

namely Bmi1 and Jak2. Most notably, this study implicated CD133 in the canonical 

Wnt/β‐catenin axes, which is associated with features of stemness (Fodde & Brabletz, 

2007; Venugopal et al., 2015). Identification of Wnt association in this study corroborated 

with earlier work in which CD133 was shown to directly promote β-catenin signaling in 

cancer cells. In particular, CD133, HDAC6, and β‐catenin were revealed to form a ternary 

complex to contextually stabilize β‐catenin through HDAC6 activity and maintain self-

renewal capacity. Other mechanistic insights have revealed CD133 interaction through 

the PI3K/AKT signalling axis (Mak et al., 2012). In 2013, Wei et al. identified a direct 

interaction between a phosphorylated c-terminal tyrosine residue (Y828) and p85, a PI3K 

regulatory subunit (Wei et al., 2013). Functionally, the biological consequence of this 

interaction revealed the necessity of Y828 phosphorylation in self-renewal. Recent work 

has also revealed a unique CD133-AKT-Wnt axis in GBM. In this study, CD133 

overexpression identified a marked increase in pAKT, pGSK-3 and β‐catenin while 

treatment with Wnt inhibitors reduced expression of pAKT and surface CD133 

expression. Clinical relevance of this pathway was also confirmed in which Wnt-active 

GBM cells exhibited increased tumorigenicity in human xenograft models of GBM 

(Manoranjan et al., 2020). While historically AKT signalling has not been associated      

with Wnt signalling, this study highlighted activation of the Wnt pathway by non-

canonical receptors and upstream activators, namely CD133. Though CD133 activity has 

repeatedly shown interaction with these signalling nodes, the direct interacting 

mechanisms that define these axes have yet to be thoroughly understood.  
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Other functional insights of CD133 may be derived from its interaction with 

membrane cholesterol in plasma membrane protrusions (Corbeil et al., 2009 & Huttner, 

2010). In previous studies, treatment with the cholesterol-sequestering drug methyl-β-

cyclodextrin attenuates the self-renewal of embryonic stem cells (ES) and HSPCs (M. Y. 

Lee, Ryu, Lee, Park, & Han, 2010 Park, & Han, 2010; Yamazaki et al., 2006) which are 

known to express CD133 (Kania et al., 2005; Miraglia et al., 1997). This may suggest that 

CD133 may play a role in contributing to self-renewal organization of membrane topology. 

In identifying common signalling nodes, the interaction with CD133 and PI3K, which also 

plays a role in phospholipid docking (P. Liu, Cheng, Roberts, & Zhao, 2009 & Zhao, 2009), 

could also mediate lipid fluidity. Differential CD133 regulation and localization has also 

been recently shown to activate various cell signalling programs in a contextual fashion.  

CD133 expression has been shown to be regulated at a transcriptional level by initiation at 

tissue-specific promoters, post-transcriptional level by alternative splicing, and differential 

glycosylation at eight putative sites which may regulate subcellular localization. While no 

direct mechanism has been implicated in CD133 localization, GBMs have been shown to 

heterogeneously distribute CD133 to the plasma membrane and/or intracellularly. 

Interestingly, localization to the plasma membrane and association with stemness 

phenotypes was more predicted by detection of a the glycosylation dependent epitope of 

CD133 known as AC133, related to the second extracellular loop (Campos et al., 2011). 

While this study interrogated regulation of CD133 in GBM, later work identified 

differential and contextual biological function associated with localization. Intracellular 

CD133 was observed to home to a pericentrosomal region, and inhibit autophagy to 



M.Sc. Thesis – S. K. Salim; McMaster University – Biochemistry & Biomedical Sciences 

47 

 

suppress cell differentiation. In contrast, cell surface CD133 required phosphorylation and 

activated PI3K/AKT signalling in preferential growth conditions in various human cancer 

cells (Izumi et al., 2019). Together, these works have identified an array of potential 

signalling networks regulated by CD133 across various oncogenic contexts. However, 

understanding and clearly defining a holistic function of CD133 has yet to be performed in 

GBM. In identifying the molecular mechanisms that govern a CD133 phenotype, we may 

elucidate novel oncogenic cellular programs, and highlight common nodes of interaction 

within divergent cell signaling pathways. 

1.6 Targeted and Immunotherapeutic Approaches 

 

While the biological understanding of CD133 remains elusive, the association with 

negative clinical outcomes highlights an avenue to target GBM. However, assessment of 

therapeutic modalities over the past decade has revealed little progress in the development 

of novel therapeutics (Ozdemir-Kaynak, Qutub, & Yesil-Celiktas, 2018 2018). While 

GSCs have been implicated as a functionally relevant subpopulation of cells, early 

targeted therapeutic strategies have instead attempted to address phenotypic outputs. 

However, targeted strategies have presented as an option in attacking specific cell-

mediated vulnerabilities necessary for tumor growth, maintenance and progression. 

1.6.1 Monoclonal Antibodies (mAbs) 

Some of the earliest targeted therapies consisted of monoclonal antibodies (mAbs) 

due to their high specificity and affinity to targets on brain tumors. Some of the first 

mAbs assessed in GBM were directed towards curbing the vascularization of the tumor, 

due to the importance of angiogenesis in GBM growth. Vascular endothelial growth 
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factor A (VEGF-A), an important mitogen for vascularization and angiogenesis, 

constituted a good target for inhibiting the growth of blood vessels to control tumor 

growth. Thus, bevacizumab, a humanized mAb against VEGF-A, was given accelerated 

FDA approval for testing in recurrent GBM (rGBM). Several antiangiogenic therapies 

were tested in GBM previously but showed little efficacy in comparison to bevacizumab 

that was capable of extending PFS (Lombardi et al., 2017). However, a systematic 

Cochrane review did not find sufficient evidence for its use in primary or recurrent GBM 

(Ameratunga et al., 2018)(Chamberlain, 2008; Chamberlain & Raizer, 2009; Friedman et 

al., 2009). Thus, other mAbs have been generated and tested for use in GBM targeting 

various biologically-relevant proteins on tumor cells including nimotuzumab and 

cetuximab, (anti-EGFR)/EGFRvIII)(Mateo et al., 1997) IMC-3G3 (anti-PDGFR)(Shah, 

Loizos, Youssoufian, Schwartz, & Rowinsky, 2010). However, assessment in clinical 

trials has yielded little success as either monotherapeutic approaches or in combination 

with SoC (Du et al., 2019; Hasselbalch et al., 2010) 

MAbs have also been developed to promote anti-tumor immunity by targeting 

proteins that suppress immune response from the TME. Broadly known as immune 

checkpoints molecules, these surface proteins mediate inactivation of T-cells when bound 

to ligands expressed on GBM cells or immunosuppressive immune cells in the TME. 

Thus, the development of immune checkpoint inhibitors (ICIs) sought to block this 

immunosuppressive mechanism to boost T-cell mediated anti-tumor effects (Pardoll, 

2012). One of the most well characterized immune checkpoints is the receptor-ligand pair 

programmed cell death 1 (PD-1) and programmed cell death ligand 1 (PD-L1). Thus, 
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investigation of PD-1 blocking ICIs nivolumab and pembrolizumab in GBM due to their 

success in other solid tumors (Pardoll, 2012). While pre-clinical assessment was 

promising (Zeng et al., 2013), phase III trials of nivolumab (CheckMate 143, 498, 548) 

and phase Ib/II pembrolizumab (KEYNOTE-028, NCT02337491, NCT02313272) failed 

to meet primary endpoints as single agents or with SoC (Lombardi et al., 2020; Reardon 

et al., 2020; Sahebjam et al., 2021; X. Wang et al., 2019). Other ICIs targeting 

checkpoints such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and CD80/86 

(ipilimumab; NCT02311920, NCT02829931), CD47 and signal regulatory protein alpha 

(SIRPα)(Willingham et al., 2012), TIM-3 and galectin-9 (LGALS9)(Z. Liu et al., 2016), 

LAG-3 and fibrinogen like 1 (FGL1)(Lim et al., 2020; J. Wang et al., 2019) CD276, and 

CD73 and A2A adenosine receptor (A2AR)(Goswami et al., 2020) have all been assessed 

either pre-clinically or through clinical trials in GBM (J. Huang et al., 2017; Lombardi et 

al., 2020; Ott et al., 2020). While newer studies have attempted to address the lack of 

success of ICI in GBM such as timing of therapy (neoadjuvation), as well as use of 

molecular stratification of potential responders (Ito, Nakashima, & Chiocca, 2019) 

additional challenges for treatment in GBM remain including limited tumor entry due to 

the BBB, poor tumor distribution and ITH (Sousa, Moura, Moreira, Martins, & Sarmento, 

2018). Even more so, inhibition of cell signaling mechanisms may have been insufficient 

in inducing cytotoxic effects necessary for tumor control.  

1.6.2 Chimeric Antigen Receptor T-cells (CAR-Ts) 

To address the need for cytotoxic therapies, the study of engineered cell-based 

immunotherapies in liquid cancers showed great promise for assessment in solid cancers 
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(Mohanty et al., 2019). One such strategy, known as chimeric antigen receptor (CAR) T-

cells (CAR-Ts), consists of the adoptive transfer of T-cells genetically modified to 

express a tumor-targeting receptor. The CAR is composed of an extracellular ligand-

binding domain that recognizes a tumor-associated or -enriched antigen (TAA), a 

transmembrane domain, and one or more intracellular signaling domains to activate T-

cells through an major histocompatibility complex (MHC)-independent manner. This 

generates a cytotoxic response mediated by degranulation of perforin and granzyme 

proteins that induce apoptosis of the target cell (Bagley, Desai, Linette, June, & 

O'Rourke, 2018 June, & O'Rourke, 2018). First documented for use in acute 

lymphoblastic leukemia (ALL), the CAR was specifically designed to recognize CD19, a 

marker associated with B-cell malignancies. Now as an FDA-approved drug, CD19 CAR-

T cells have demonstrated robust activity and clinical response (Maude, Teachey, Porter, 

& Grupp, 2015 & Grupp, 2015). Although clinical progress in GBMs has been slow, 

recent CAR-T therapies have emerged targeting widely characterized TAAs in solid 

tumors such as human epidermal growth factor receptor 2 (HER2)(N. Ahmed et al., 

2017), IL-13 receptor alpha 2 (IL13-Rα2)(Brown et al., 2016), and a splice variant of 

epidermal growth factor receptor EGFR (EGFRvIII) expressed on 24-67% of GBMs 

(Heimberger et al., 2005; O'Rourke et al., 2017). These early studies have demonstrated 

feasibility and safety of administering CAR-T therapies to patients with GBM, 

particularly regarding the lack of cytokine release syndrome (CRS) and neurotoxicity 

frequently observed in the use of CAR-Ts in other liquid and solid malignancies (Brudno 

& Kochenderfer, 2016). Targeting CD133 through this modality thus presented as a 
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promising approach. Thus, we successfully developed a second-generation anti-CD133 

CAR-T therapy (CART133) using donor-derived T-cells(Vora et al., 2020). In vitro 

assessment of CART133 showed significant cytotoxic capacity at low effector-target 

ratios, T-cell activation and cytokine release when co-cultured with CD133HIGH GBMs, in 

comparison to a CAR control. In our preclinical models, just two intracranial doses of one 

million CAR-T cells resulted in almost complete elimination of tumor burden and a 

significant survival advantage over control mice. As previously mentioned, CD133 is 

most notably expressed on HSPCs (Miraglia et al., 1997). Thus, we additionally assessed 

the safety profile of CART133 utilizing a humanized model of hematopoiesis in which 

we showed that intracranial and intravenous CART133 treatment is both therapeutically 

efficacious and safe in the context of on-target, off-tumor effects (Vora et al., 2020). 

1.7 Challenges to Immunotherapy 

 

While CD133 has shown to be a promising therapeutic target in our pre-clinical 

models, additional pre-clinical and clinical considerations must be noted before 

implementation in patients. In looking at the efficacy of the CAR-Ts assessed in GBM (ex: 

anti- IL13-Rα2, HER2, EGFRvIII), patients have had modest clinical benefit. This may be 

due to target selection, CAR design, site of treatment injection, and/or tumor factors such 

as the immunosuppressive microenvironment (Migliorini et al., 2018).  

1.7.1 Target Heterogeneity and CAR design 

As of current, the clinical CAR-T landscape for GBM has shown little benefit. 

Treatment with IL-13Rα2-directed, first-generation CAR-Ts in a pilot trial revealed only 

transient response with no durable clinical outcomes (Brown et al., 2015). This was 
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believed due to the lack of strong CAR design. Thus, a modified, second-generation CAR 

was developed with a CD137 costimulatory domain to improve T-cell persistence. While 

full reports have not been revealed, results in a case study again showed initial anti-tumor 

regression for a period of 7.5 months prior to the development of multifocal disease 

(Brown et al., 2016). These data suggested that target selection and heterogeneity may 

have been a leading factor in the lack of clinical success of the IL-13Rα2 CAR-T. Indeed, 

assessment of pre- and post-therapeutic tissues revealed loss of IL-13Rα2 expression, but 

also heterogeneity leading to recurrence of antigen-negative disease (Brown et al., 2015). 

The assessment of CAR-Ts against other antigens such as EGFRvIII, and human 

epidermal growth factor 2 (HER2) for GBM have additionally revealed poor results with 

no clinical benefit as single targets (N. Ahmed et al., 2017). While other single targets are 

in early exploration, pre-clinical assessment of multi-targeting CAR-Ts have shown more 

promise and may address the issues of target heterogeneity (Bielamowicz et al., 2018). 

As CAR-Ts move towards clinical assessment, numerous other strategies are also 

being actively tested in pre-clinical models including modifications of the CAR design to 

improve anti-tumor efficacy. Functional modifications have been assessed pre-clinically 

such as the overexpression of the canonical AP-1 factor c-Jun to generate CAR-Ts 

resistant to exhaustion (Lynn et al., 2019). Other novel works have focused on improving 

CAR design including the development of logic-gated CAR-Ts such as the synthetic 

Notch (synNotch) receptor CAR-T, which consists of an engineered receptor that 

activates a transcriptional output upon binding to its cognate antigen, and induces 

expression of a CAR against a TAA. This design would increase specificity of the CAR, 
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address tumor heterogeneity by multiplexing, and promote better durability by regulation 

of CAR expression (Choe et al., 2021). CAR-Ts that deliver therapeutic payloads such as 

bi-specific T-cell engagers (BiTEs) upon binding to EGFR to aid in anti-tumor immunity 

by recruitment of bystander T-cells, and target tumor heterogeneity and antigen escape 

(Choi, Yu, Castano, Bouffard, et al., 2019 Bouffard, et al., 2019). Ultimately, these 

strategies will be helpful in developing highly efficacious CAR-T therapies for clinical 

use. 

1.7.2 Mode of CAR-T delivery 

The solid tumor microenvironment exerts major challenges for CAR-T therapy, 

particularly in regards to T-cell infiltration. As a result, newer studies have attempted to 

assess various modes of CAR-T delivery, namely peripheral infusion in comparison to 

locoregional delivery. Peripheral infusion, or intravenous infusion, of EGFRvIII CAR-Ts 

revealed trafficking to regions of active GBM, and thus infiltration into the CNS (O'Rourke 

et al., 2017). While this was promising, the assessment of locoregional delivery presented 

a more targeted approach. Thus, intracavitary and intratumoral delivery of CAR-Ts were 

investigated and revealed tolerability and an acceptable safety profile with limited, transient 

adverse effects (Brown et al., 2015). In one particular patient, intracavitary infusions were 

able to control local tumor regression after infusion. However, multifocal disease 

regression prompted researchers to investigate intraventricular infusion into the CSF in 

hopes of improving distal trafficking. Ten additional infusions by catheter were able to 

regress all CNS lesions, including spinal tumors, suggesting that differential delivery routes 

may be more beneficial in the treatment of diffuse tumors such as GBM (Brown et al., 
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2016). Thus, these works have revealed the necessity of evaluating multiple facets to 

improve the apparent efficacy of CAR-T treatment modalities. 

 

1.7.3 Extrinsic and Intrinsic T-cell Deficits in GBM 

Although factors pertaining to improving CAR receptor function and treatment 

have been studied, little has been done to assess the basal quality of patient-derived T-cell 

products used to generate CAR-Ts. Although tumor immunosuppression has long been 

known to generate T-cell dysfunction locally in tumor-infiltrating lymphocytes (TILs), a 

growing body of evidence suggests that immune cell dysfunction is systemic (Brooks, 

Roszman, Mahaley, & Woosley, 1977; Chongsathidkiet et al., 2018; Dix, Brooks, 

Roszman, & Morford, 1999; K. Woroniecka et al., 2018; Woroniecka, Rhodin, 

Chongsathidkiet, Keith, & Fecci, 2018). Peripheral T-cell pools show qualitative and 

qualitative deficits despite confinement of the tumor to the intracranial compartment. 

Quantitatively, GBM patients show lymphopenia by lack of T-cell sequestration out of the 

bone marrow and T-cell deficient lymphoid organs. This is mediated by tumor-imposed 

loss of sphingosine-1-phosphate (S1P1), which governs T-cell trafficking, from the T-cell 

surface (Chongsathidkiet et al., 2018). Qualitatively, T-cells from GBM patients show 

anergy, senescence and exhaustion (Brooks et al., 1977; K. I. Woroniecka et al., 2018). In 

particular, peripheral T-cells have previously been observed to show expression of 

exhaustion/senescence markers PD-1, KLGR1 and CD57, as well as functional deficits 

marked by T-cell hyporesponsiveness irrespective of treatment with the 

immunosuppressive corticosteroid dexamethasone (Mirzaei, Sarkar, & Yong, 2017; 
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Mohme et al., 2018).Even more so, the use of radiation, TMZ and glucocorticoids for 

treatment has been shown to induce significant amount of immunosuppression in patients 

with GBM (Grossman et al., 2011). Pre-clinical evaluation of CAR-Ts, which are generated 

from healthy donors, would thus not adequately predict the efficacy of patient-derived 

CAR-Ts used in clinical trials (Fraietta et al., 2018). Current assessment of patient-derived, 

or autologous CAR-Ts have been limited to post-clinical trial studies, in which a patient is 

treated and the CAR product is assessed post-therapeutically. However, it may ultimately 

be beneficial to assess the efficacy of a patient-derived CAR-T, in a pre-clinical autologous 

setting, a priori to identify predictive value for efficacy in the clinic.  

1.7.4 Allogeneic CAR-T Therapy 

While modifying autologous CARs may be a difficult approach, the above concerns 

can be circumvented by use of donor-derived or allogeneic CAR-Ts. Autologous CAR-Ts 

host a myriad of concerns including inconsistency between infusion products of patients, 

and the time to generation for patients who need immediate care. Other questions pertain 

to the dubious quality of patient-derived T-cells after previous lines of treatment such as 

chemoradiotherapy (Depil, Duchateau, Grupp, Mufti, & Poirot, 2020). Allogeneic CAR-

Ts thus present a readily-available, “off-the-shelf” therapy. Without modification, donor T-

cells can induce a phenomenon known as graft-versus-host-disease (GvHD) in which 

human leukocyte antigen (HLA.)-mismatch causes donor T-cells to attack recipient tissue. 

This is primarily accomplished through recognition by the heterodimeric T-cell receptor 

(TCR), of which 95% in humans consist of a polymorphic α (alpha) and β (Brielmaier-

Liebetanz, Wagner, & Werres) chain (Li et al., 2015). Conventional TCRs recognize 
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peptide-loaded major histocompatibility complexes (pMHCs) and can initiate a response if 

the antigen-presenting cell is deemed foreign or abnormal (Shiromizu & Jancic, 2018). 

Various approaches have been taken to generate safe, allogeneic adoptive T-cell therapies 

including the use of T-cells with γδ TCRs which maintain a pre-activated state and respond 

in an MHC-unrestricted fashion (Zou et al., 2017). Other T-cell pools include umbilical 

cord-blood derived T-cells which are antigen-naïve and would thus reduce the risk of 

generating GvHD (Kwoczek et al., 2018). While these T-cell pools can be hard to obtain 

due to their low abundance, genetic perturbation of conventional αβ T-cells can abrogate 

detection of foreign tissues. On the other hand, tissue rejection must also be considered 

through recipient recognition of donor tissue. When combined with the introduction of the 

CAR-targeting construct, these genetic modifications can generate “stealth” CAR-T cells 

that do not induce GvHD, remain unrecognized by the host, as well as attack the tumor. 

Early studies in T-cell engineering utilized clustered regularly interspaced short 

palindromic repeats (CRISPR) gene editing using the CRISPR-associated protein 9 (Cas9) 

to knock-out the TCR in T-cells targeting cancer-testis antigens NY-ESO-1 and LAGE-1. 

Cells were also knocked-out for PDCD1, the PD-1 gene and tested in three patients with 

advanced, refractory myeloma or metastatic sarcoma. This pilot study revealed that these 

edited cells were capable of demonstrating anti-tumor immunity and safety in multiple 

patients. Even more so, these preliminary results demonstrated the safety and feasibility of 

multiplex gene editing in human T-cells (Stadtmauer et al., 2020). As this study did not 

assess CAR-T cells, subsequent studies attempted to assess allogeneic CAR development. 

Thus, the pre-clinical development of double TCR and PD1 knockout CARs followed for 
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leukemia, particularly against CD22. However, in this work, a one-step generation of 

modular CAR-T cells was used in which the CAR sequence was knocked into the TCR 

locus, generating a CAR under endogenous control of the TCR promoter, which has 

previously shown improved CAR phenotypes (Eyquem et al., 2017). While this was 

logistically simpler, the regulation of the CAR by the TCR promoter generated TCR-KO 

CD22-specific CAR-Ts with optimal phenotypes (Dai et al., 2019). Traditional autologous 

CARs have previously been shown to undergo tonic signalling, a phenomenon in which the 

CAR constitutively or chronically activates in the absence of antigen, leading to rapid T-

cell exhaustion and CAR-T dysfunction (Long et al., 2015). Even more so, accelerated 

differentiation and exhaustion have been observed with excessive signalling of innate 

TCRs. Thus, this study and others disrupted the TCR, and other biologically-relevant loci, 

by use of a knock-in, knock-out (KiKo) system, in which the TCR is knocked-out and the 

CAR sequence inserted or knocked-in by homology-directed repair (HDR), leaving the 

CAR under control of the endogenous TCR promoter. Across multiple studies, the 

generation of an allogeneic CAR product by KiKo has demonstrated potent effector 

function, dynamic transcriptional regulation of CAR expression, and reduced levels of 

exhaustion as assessed by expression of PD-1, TIGIT, TIM-3 AND LAG-3 . (Dai et al., 

2019). Work by Dai et al. additionally assessed a double KiKo strategy at PCDC1 with an 

anti-CD19 CAR sequence, presenting an efficacious strategy for multiplexing allogeneic 

CAR-Ts. Other allogeneic CAR-Ts have also combined knock-out of β2-microglobulin 

(β2M/B2M), which encodes for a the β chain of the HLA Class I molecules to prevent host 

elimination of the T-cell product for CARs against CD19 and prostate stem cell antigen 
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(PSCA)(Ren et al., 2017). Currently, allogeneic CAR-Ts are being assessed in clinical trials 

for liquid cancers such as multiple myeloma and B-cell malignancies (Dai et al., 2019; 

Eyquem et al., 2017) (ex: NCT02799550, NCT04093596). While some progress is being 

made for other solid tumors such as colorectal cancers (NCT03692429), allogeneic CAR-

Ts for use in brain cancer such as GBM remain in early pre-clinical stages and against 

previously characterized antigens with poor clinical response such as EGFRvIII (Choi, Yu, 

Castano, Darr, et al., 2019). Thus, while allogeneic CAR-Ts present an improvement in the 

accessibility and manufacturing of T-cell therapeutic products, the generation of CARs 

against more potent and clinically-relevant targets, such as CD133, is currently required for 

GBM. 

 

1.8 Statement of Intent 

 

With an implied signalling role, CD133 is integral in the regulation of oncogenic 

phenotypes across solid cancers, including GBM. Despite its clinical and biological 

significance, little is currently known about its function in promoting associated 

phenotypic outputs. Though the mechanism of CD133 has yet to be defined, 

immunotherapeutic targeting by CAR-T in our lab has previously presented as a 

promising strategy. However, on the path towards clinical development, the generation 

and assessment of an allogeneic CAR-T product may circumvent current issues 

associated with the traditional, autologous CAR-Ts. Thus, in this thesis, we hypothesized 

that defining the role of CD133 in human GBMs by study of protein-protein interactions, 

may uncover novel and robust cell signalling pathways critical to the progression and 

maintenance of GBM. Even more so, we hypothesized that the development of an 
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allogeneic CAR-T against CD133 by genomic engineering would address clinical 

concerns, and present an avenue for optimization of current T-cell based therapies in 

GBM. 

CHAPTER 2: Elucidating the CD133 protein-protein interactome by endogenous 

genomic knock-in of BioID 

2.1 Protein-protein interactions and proximity-dependent labelling  

To uncover novel signalling of CD133, we aim to explore and define its protein-

protein interactions (PPIs). PPIs form the backbone of signal transduction pathways and 

networks known as interactomes, across diverse physiological processes (Li et al., 2017). 

Even more so, aberrant PPIs such as those in cancer may present as tumor-specific 

targets, particularly for cancers with low mutational burdens like GBM (Loregian & Palu, 

2005; H. Lu et al., 2020; Touat et al., 2020). Mapping the interactome to reveal the 

organization of the proteome into functional units may allow us to understand complex 

oncogenic phenotypes and processes (Kim & Roux, 2016). Thus, identifying putative 

PPIs of biologically relevant proteins such as CD133 may ultimately uncover novel stem-

related signalling pathways amenable to targeting. 

Historically, various approaches have been used to identify PPIs. However, 

conventional methods to study protein behaviours were inherently limited in their ability 

to identify PPIs. These methods included the yeast-2-hybrid (Y2H) system, pull-down 

assays and far western blots which could either only identify high-affinity/stable PPIs , 

limit isolation to non-physiological conditions and have high rates of false positivity (Kim 

& Roux, 2016; May & Roux, 2019). However, the advent of proximity dependent 
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labelling (PL) addressed some of the initial weaknesses of PPI discovery. One such 

technique, known as BioID, presents as a promising discovery platform for identification 

of broad association PPIs under physiological conditions (May & Roux, 2019). First 

reported in 2012, BioID harnesses a promiscuous, mutant biotin ligase (BirA*) derived 

from E.coli which is fused to a protein of interest, or bait protein, and expressed in cells 

of interest. Upon supplementation of biotin, potential protein interactors to the bait 

protein, or prey, are biotinylated. As biotinylation is a rare post-translational 

modification, standard biotin-affinity capture can be used to isolate these interactors for 

identification by mass spectrometry. Similar PL techniques have been developed using 

other engineered enzymes such as engineered ascorbate peroxidase 2 (APEX2) and 

horseradish peroxidase (HRP). However, molecular products generated in these 

techniques are toxic to cells. Thus, biotin ligases present as optimal biochemical 

platforms to identify PPIs, such as those of CD133. 

2.2 Transgenic and endogenous assessment 

 

Currently, most BioID studies rely on overexpression systems of ectopic bait 

proteins exogenously tagged to a biotin ligase (Vandemoortele et al., 2019; Varnaite & 

MacNeill, 2016). However, these systems can create known artefacts including 

subcellular mislocalization, complex and protein formation, and downstream regulation 

(Gibson, Seiler, & Veitia, 2013). In an effort to overcome these limitations, inducible 

systems have been utilized to control ectopic bait expression such as the Flp recombinase 

system (Flp-In T-Rex) which can be tuned to match endogenous levels. However, this 

technique has primarily been performed in 293 cells, and is technically laborious. Other 
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methods have attempted to perform an endogenous genomic knock-in of BioID at specific 

genomic loci to generate a BioID-tagged bait protein. Endogenous BioID screens are 

more likely to generate biologically relevant hits and build meaningful interactomes with 

less noise contributed by false-positive hits accumulated in an overexpression system 

(Moreira et al., 2018; Vandemoortele et al., 2019). However, this has been performed in a 

complex two-step fashion in which the BioID module is added, and an accompanying 

selection vector is removed using a CRE recombinase system, followed by single cell 

clonal analysis in commercial cell lines (Vandemoortele et al., 2019). Thus, the need to 

generate a highly efficient and simplified endogenous BioID tagging technique is 

required for application in the discovery of native PPIs.   

2.3 Materials and Methods 

2.3.1 Dissociation and culturing of Primary GBM tissue 

Human GBM samples are obtained from consenting patients, in accordance to protocols 

approved by the Hamilton Health Sciences/McMaster Health Sciences Research Ethics 

Board. Brain tumor samples are dissociated in PBS containing 0.2 Wünsch unit/mL 

Liberase Blendzyme 3 (Roche), and incubated in a shaker at 37°C for 15 min. The 

dissociated tissue is filtered through a 70µm cell strainer and collected by centrifugation 

(1200 rpm, 3 min). Red blood cells are lysed using ammonium chloride solution 

(STEMCELL Technologies). GBM cells are resuspended in Neurocult complete (NCC) 

media, a chemically defined serum-free neural stem cell medium (STEMCELL 

Technologies), supplemented with human recombinant epidermal growth factor (20 

ng/mL: STEMCELL Technologies), basic fibroblast growth factor (20 ng/mL; 
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STEMCELL Technologies), heparin (2 μg/mL 0.2% Heparin Sodium Salt in PBS; 

STEMCELL technologies), antibiotic-antimycotic (1X; Wisent), and plated on ultra-low 

attachment plates (Corning) and cultured as neurospheres. 

2.3.2 Propagation of Brain Tumor Stem Cells (BTSCs) 

Neurospheres derived from minimally-cultured human GBM samples will be plated on 

Polyornithine-Laminin (P/L) coated plates for adherent growth. Adherent cells are re-plated 

in low-binding plates and cultured as tumorspheres, which are maintained as spheres upon 

serial passaging in vitro. These cells retain their self-renewal potential and are capable of 

in vivo tumor formation. Cells are incubated at 37°C and 5% CO2. 

2.3.3 Fluorescence Activated Cell Sorting (FACS) and Analysis 

Cells of interest (GBMs) in single cell suspensions are resuspended in PBS+2mM EDTA. 

Cells will be stained with antibody of choice for 15 mins at room temperature. Samples 

will be run on a MoFlo XDP Cell Sorter (Beckman Coulter). Dead cells are excluded using 

the viability dye 7AAD (1:10; Beckman Coulter). Compensation will be performed using 

mouse IgG CompBeads (BD). Under the context of sorting, small aliquots of each sample 

will be re-analysed to determine the purity of the sorted populations. Cells are allowed to 

equilibrate at 37°C for a few hours prior to use in experiments. 

2.3.4 Western Immunoblotting 

Total denatured protein (20 µg) is separated using 10% sodium dodecyl sulphate–

polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane. 

The membrane is probed with primary antibodies against the protein of interest, as well as 

a loading control; often anti-GAPDH antibody (Abcam #ab8245, 37 kDa) or anti-β-
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tubulin antibody (Abcam #ab6046, 50 kDa). For fractionation, anti-Na+/K+ ATPase 

(Abcam #ab76020, 113 kDa) and anti-GAPDH to test for membrane and cytosolic purity, 

respectively. The secondary antibody is horseradish peroxidase conjugated goat anti-

mouse IgG (Bio-Rad #1721011) or goat anti-rabbit IgG (Sigma #A0545). Bands are 

visualized using LuminataTM Forte Western HRP Substrate (Millipore) and chemidoc. 

Western immunoblots are later quantified with Image J software and protein levels are 

normalized to the loading control.  

2.3.5 Immunofluorescence 

Cells grown on chamber slides will be washed with 1X PBS solution three times, and 

then fixed with 10% formalin for 20 minutes at room temperature. Cells will then be 

permeabilized by treatment with 1% NP-40 in PBS solution for 10 minutes and then 

incubated with blocking solution (15% bovine serum albumin (BSA) in 1X TBS) for 1 

hour. Cells will then be stained with the primary antibody of choice overnight at 4°C in 

humidified chamber or at room temperature for one hour. Antibodies will be washed 3X 

for 10 minutes in TBS-Tween solution. Slides will then be stained with secondary 

antibody in the same blocking solution for 45 minutes in a humidified chamber at room 

temperature. Slides will then be washed 3X with 0.05% TBS-Tween and once more for 5 

minutes in 1X TBS. DAPI will be added to slides along with coverslips and allowed to 

dry overnight in fume hood for imaging. 

2.3.6 Subcellular Fractionation 

Cells in suspension are fractionated using the Mem-PERTM Plus Membrane Protein 

Extraction Kit from ThermoFisher Scientific. Briefly, 1 x 107  cells were washed with 3 
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mL of Cell Wash Solution and centrifuged at 300 × g for 5 minutes, two times. The 

supernatant was discarded and cells were resuspended in 0.5 mL of Permeabilization 

Buffer in Eppendorf tube and incubated at 4°C for 10 minutes with constant mixing. The 

mixture was then spun down for 15 minutes at 16,000 x g and the supernatant collected 

containing cytosolic proteins. The pellet was subsequently resuspended in 0.25 mL of 

Solubilization Buffer and incubated at 4°C for 30 minutes with constant mixing. This 

mixture was then spun down for 15 minutes at 16,000 x g and the supernatant was 

collected containing membrane and membrane-associated proteins for subsequent western 

immunoblotting. 

2.3.7 Nested PCR and preparation for Next-generation sequencing 

To characterize genomic cut sites post-electroporation, cells were grown for a minimum 

of 48 h in NCC media. To generate crude genomic DNA (gDNA) lysates, approximately 

1M cells were lysed in Food Safety buffer (Thermo Fisher Scientific) diluted 1:3 v/v in 

H2O containing Proteinase K. The sgRNA-binding region of gDNA was amplified by 

PCR using Illumina adapter-containing primers that bind approximately 75 base pairs 

upstream and downstream of the respective PAM sequence.  Thereafter, Illumina indices 

were added to the ends of the genomic amplicons with 8 additional PCR cycles. 

2.3.8 AAV Generation, Purification and Quantification 

AAV was prepared using HEK 293T cells to generate AAV2/6 virus. Cells were 

transfected with transfer plasmid (pAAV-BioID), Replication/Capsid plasmid (Rep/Cap), 

and an adenovirus helper virus (pHelper) at predefined amounts following the AddGene 

adeno-associated viral transfection protocol using polyethylenimine (PEI). Cells were left 
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in DMEM-10% FBS for 96 hours following transfection, and then harvested from plates 

by incubation of 200 mM EDTA at a dilution of 1/80 in cell media for 10 minutes at room 

temperature. AAV Virus was purified from cells using the Takara serotype-independent 

purification kit (AAVpro® Purification Kit Midi [All Serotypes]). To assess genome-

copy titer, AAV virus samples were quantified by use of qPCR following the AddGene 

AAV Titration by qPCR. Using SYBR Green Technology protocol, single AAV copies 

were amplified at various dilutions using primer sequences annealing to the AAV2 ITR 

sequences (FWD ITR primer, 5' GGAACCCCTAGTGATGGAGTT, REV ITR primer, 

5'-CGGCCTCAGTGAGCGA). Standards were generated using ITR-containing plasmid 

DNA for approximate quantification. Viral purity was assessed by SDS-Page upon titer 

quantification. Briefly, 1E10 gc were separated using 10% sodium dodecyl sulphate–

polyacrylamide gel electrophoresis. Gels were subsequently stained using silver staining 

(Pierce™ Silver Stain Kit, ThermoFisher Cat# 24612) to identify bands specific to the 

three AAV Capsid proteins; VP1, VP2 and VP3. Detection of any additional bands were 

used to indicate impurity of sample. 

2.3.9 Electroporation and infection of human GBMs 

Genomic cuts were performed by electroporation of complexed Alt-R® SpCas9 Nuclease 

V3 (IDT complexed with either an N or C-terminus targeting guide at a 3:1 guide to protein 

ratio for 15 minutes at room temperature. Using Lonza Amaxa System Kits, 1M GBM cells 

were resuspended in the provided electroporation buffer and gently mixed with complexed 

RNP. The mixture was moved to an electroporation cuvette where the E-013 

electroporation programs (Nucleofector IIb, Lonza Biosciences) was used. For sole 
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assessment of genomic cleavage, cells were gently resuspended in NCC media and 

incubated in 6-well dishes for four days prior to flow cytometric characterization. For 

knock-in, cells were plated at a density of 200,000 cells in 50µL of respective media with 

AAV at an MOI of 1E6 gc/cell. Cells will then be cultured for 2-7 days prior to flow 

cytometric characterization. 

2.4 Results 

2.4.1 CD133 is differentially localized and expressed in human GBMs 

To identify PPIs of CD133, we sought to select primary human GBM specimens that 

highly expressed the protein. Flow cytometric analysis of five human GBM lines derived 

from patient tissues revealed variable surface expression of CD133 (Figure 1A, Table 1).  

However, previous data from our lab indicated that CD133 may not be solely expressed 

on the cell surface and may localize in the cytosol. To investigate differential localization, 

we performed membrane and cytosolic fractionation of these GBM cell cultures followed 

by western immunoblotting of each fraction in comparison to whole cell lysates. Indeed, 

we observed variability in localization, of which the most interesting was BT241, a 

recurrent GBM specimen with little cell surface CD133. BT241 again revealed little to no 

observable detection of membranous CD133, but a prominent band in the soluble 

cytosolic fraction. Samples with detectable cell surface CD133 by flow cytometry were 

corroborated by immunoblotting as observed in the membrane fractions (Figure 1B). 

Subcellular were confirmed for purity by co-staining with the sodium-potassium Na+/K+ 

ATPase, and cytosolic glycolytic enzyme, glyceraldehyde 3-phosphate 
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dehydrogenase (GAPDH) as membrane and cytosolic markers, respectively 

(Supplementary Figure 1A-B). 

 Thus, to holistically define the contextual PPIs associated with localization and 

putatively function, we decided to move forward with BT241 (Cytosol, CD133HIGH ) and 

BT935 (Membrane, CD133HIGH) . To confirm localization, we additionally optimized and 

performed immunofluorescent staining in which we observed strong membranous 

staining of CD133 in BT935, and strong cytosolic staining in BT241 when co-stained 

with nuclear and mitochondrial antibodies to identify subcellular compartments (Figure 

1C). Thus, these preliminary findings provided a rationale to proceed with BioID 

screening in BT935 and BT241. 

2.4.2 Genomic editing of primary cells by dual modification 

In accordance with previously published works in primary cells, one promising 

method of genomic editing by HDR utilizes a two-step approach (Dai et al., 2019). To 

create site-specific cleavage, cells are electroporated with a ribonucleoprotein (RNP) 

complex composed of a CRISPR protein and small guide RNA. Upon cleavage, a repair 

template is delivered to cells by varying methods of transfection including 

electroporation, chemical transfection, and viral delivery. For our purposes, transgene 

delivery by adeno-associated virus (Skaga et al.) presented as the most efficacious 

approach due to reduced toxicity, efficient transgene delivery and genomic non-

integration. Thus, the following works were designed based on a dual delivery approach 

consisting of electroporation of RNP and AAV infection to mediate HDR in our target 

cells for knock-in of the biotin ligase sequence into PROM1 (Figure 2A). 
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2.4.3 Genomic cleavage and repair template design 

To perform endogenous genomic knock-in of the biotin ligase (hereafter 

miniTurboID), we sought to define appropriate genomic loci for tagging at the C-terminus 

and N-terminus of the CD133 protein. As previously mentioned, the CD133 gene,  PROM1, 

is regulated at multiple levels, of which gene expression and post-transcriptional regulation 

required thorough analyses to ensure tagging of the miniTurboID protein. In silico analysis 

of PROM1 genomic and transcriptomic and regulation identified seven isoforms generated 

by alternative splicing (Table 2) (Fargeas, Huttner, & Corbeil, 2007). The first isoform, 

(O43490-1/AC133-1/S2) is the canonical isoform and is expressed in adult brain tissues 

(Corbeil et al., 2009). At the peptide level, this produces an 865 amino acid (aa) peptide 

with a 19aa signal peptide sequence which is subsequently cleaved upon translocation into 

the ER. Thus, we determined that the N-terminus insertion site would thus be directly after 

the signal peptide sequence, and thus in the first exon (chr4:160575849). Additionally, as 

this exon is retained across all isoforms, the miniTurboID would be retained upon post-

transcriptional modification irrespective of alternative splicing. To insert the miniTurboID 

at the C-terminus of the protein, we identified the stop codon (chr4:15971070) in exon 27 

that is retained in all isoforms, except for isoform 3. Upon designation of these genomic 

loci, we proceeded to design site-specific guides that would generate genomic cleavage. Of 

the CRISPR protein variants, usage of Cas9 was most feasible as our genomic regions of 

interest were GC rich, and thus compatible with respect to the Cas9 protospacer adjacent 

motif (PAM) (5’-NGG-3’). This would allow for more flexibility in guide design. To select 

appropriate guides that would target the N- and C-terminus sites of interest, we used the 
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online tool CHOPCOP to identify CRISPR-Cas9 single guide RNA sequences (Labun et 

al., 2019). These guides were selected based on their expected cutting efficiency and off-

target scores. The following sequences were thus selected: 

N-Terminus: 5’-GCGGGAACTCCTTTTCAGGAGGG 

C-Terminus: 5’-TCAGCTATCAATGTTGTGATGGG 

To induce homology-directed repair of a template containing the biotin ligase 

sequence, we had to design repair templates that would link the BioID sequence to the N- 

or C-terminus of CD133. However, prior to design, we investigated the use of various biotin 

ligase proteins. MiniTurboID, a successor of the initial BirA* ligase, presented as an 

optimal protein due to its small size (28 KDa), high catalytic activity, and rapid 

biotinylation (Branon et al., 2018). We thus designed repair templates with 200 bp long 

homology-arms that would allow for insertion of the miniTurboID protein at the N- or C-

terminus loci (Supplementary Figure 1C). These experimental arms would directly tag 

the miniTurboID protein to CD133 at its N-terminus, extracellular domain or the C-

terminus intracellular domain. To ensure that biotinylation specific events were as a result 

of proximity-dependent labelling and not noise, we additionally designed controls for each 

experimental arm. These controls included a T2A ribosomal skipping sequence that would 

separate the miniTurboID from CD133 to identify background biotinylation. The N-

terminus controls however additionally required the consideration of the signal peptide 

sequence that would be cleaved upon peptide processing. Thus, we added a synthetic signal 

peptide to ensure appropriate ER-directed translocation, folding and localization of CD133 

uninterrupted by genomic editing (Supplementary Figure 1C). While these controls 
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would effectively be sufficient, we also designed an additional N-terminus control as 

ribosomal skipping and generation of a free miniTurboID could be secreted from the cell 

and lead to excess noise during downstream analysis. We thus generated a control that 

replicated the first control, but contained a miniTurboID sequence with a KDEL mutation, 

that would allow for ER retention of the protein (Supplementary Figure 1C). To allow 

for detection of integration, we added an enhanced GFP tagged to the miniTurboID. While 

this would present as a useful reporter system, tagging of the miniTurboID would allow for 

assessment of localization of the miniTurboID sequence prior to downstream validation. 

2.4.4 Electroporation of RNP targeting terminal ends of PROM1  

To transfect a CD133-targeting RNP complex, we first had to optimize 

electroporation parameters for GBM cells. In looking to the literature, few studies have 

performed RNP-based editing in primary cells. Thus, electroporation parameters required 

testing to ensure uptake of the RNP complex. Using a GFP plasmid, we tested five 

electroporation programs using the Nucleofector II device with 1 million BT241 GBM 

cells, of the E-013 program showed highest infection, and lowest cell death as measured by 

GFP signal and 7AAD staining, respectively (Figure 2B). In addition to BT241, this 

electroporation program successfully transfected BT935 (Figure 2C). We next sought to 

assess the N- and C-terminus guide efficacies by complexing guides with various protein 

quantities (2 µg, 5 µg, 10 µg) at a 3:1 guide to protein ratio. Upon electroporation of 1 

million GBM cells, we performed FACS analysis to assess changes in CD133 expression 

four days post-electroporation. While the guides were not intended to knock-out CD133, 

site-specific cleavage in the absence of repair template would induce non-homologous end 
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joining (NHEJ) of PROM1 leading to detectable mutations and putatively a non-functional 

protein. Thus, as expected, N-terminus cut proved successful in BT935 at all RNP 

quantities, with the most potent reduction in CD133 at 10 µg of protein (Figure 2D). In 

BT241, N-terminus targeting did not yield a decrease in total positive cells, however, a 

population shift was observed at 2 µg of Cas9 protein, indicating putative targeting of 

PROM1 (Figure 2E). Assessment of the C-terminus cut in BT241 additionally revealed a 

decrease in CD133 expression at 2 µg of Cas9 protein (Figure 2F). While this was 

indicative of PROM1 targeting, deep sequencing was required to assess indel frequency 

and guide specificity at the N and C terminus loci.  We then sought to perform next 

generation sequencing (NGS) of wildtype samples and their RNP-cleaved counterparts.  

To prepare for NGS, BT241 and BT935 electroporated with an N- or C-terminus 

targeting RNP were pelleted for crude genomic extraction using a previously reported 

method (Gwynne et al., 2020). To amplify genomic regions with putative indels, we utilized 

a nested PCR approach in which genomic amplicons were amplified and subsequently 

indexed for identification during sequencing. Primer pairs were designed approximately 

100bp upstream and downstream of the cut site to include large frameshift and/or deletions 

generated by a cut. Using gradient PCR, we optimized annealing temperatures and 

successfully generated genomic amplicons from all samples for N-terminus cuts (Figure 

3A-B).  

2.4.5 AAV infection of human GBMs 

Based on the aforementioned workflow to insert the miniTurboID into PROM1, we 

next sought to assess the infectivity of human GBMs with AAV. Various AAV serotypes 
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may be utilized with tropism for various tissue types. AAV6, has previously shown to 

transduce various CNS cell types including glia. However, pseudoserotypes, which 

encapsulate the genome of one serotype with the capsid of another have previously shown 

higher transduction efficiency and altered tropism. Thus, we interrogated the tropism of the 

pseudoserotype AAV2/6 in our samples. We transduced 1M cells of BT241 and BT935 

with AAV2/6-GFP at varying multiplicity of infections (MOI). FACS analysis of samples 

three days post-transduction revealed GFP expression in both BT241 and BT935 at an MOI 

of 1E4 and above, of which 90% transduction was observed at an MOI of 1E6. Thus, 

AAV2/6 revealed tropism for human GBM samples at an optimal MOI of 1E6 (Figure 3B-

C) 

2.4.6 Short-term next steps 

In the short-term, we hope to perform the genomic integration of BioID in human 

GBM specimens. Upon confirmation of guide targeting efficiency by NGS, GBMs will be 

electroporated with N- or C-terminus targeting RNP, and infected with AAV carrying 

BioID repair templates for HDR-mediated insertion. Cells will be confirmed for 

integration by expression of EGFP, and subsequently sorted and validated for BioID 

expression, localization and biotinylation function. 
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Figure 1. Human GBMs display differential localization of CD133. a) GBMs express 

varying amounts of cell surface CD133 by FACS characterization. b) Subcellular 

(membranous and cytosolic) fractionation of human GBMs reveals differential CD133 
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localization across specimens. c) Immunofluorescence of BT241 (top) and BT935 

(bottom) confirms CD133 localization.  

Figure 2. CRISPR-mediated genomic targeting of CD133 in human GBMs by 

electroporation of ribonucleoprotein (RNP) complexes. (a) Schematic on the editing 

strategy for BioID knock-in in human GBMs for generation of N- and C-terminus tagged 

CD133. Electroporation of N- or C-terminus-targeting Cas9 RNP in human GBMs 

generates a site specific cut that is repaired with miniTurboID repair template delivered 

via AAV. (b) Electroporation of plasmid GFP in BT241 (left) and (c) BT241 and BT935 

(right, micrographs) reveals successful infection and low toxicity as measured by GFP 
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expression and 7AAD staining. (d-f) Electroporation of 2, 5 and 10 μg of PROM1-

targeting RNP reduces CD133 expression.  

Figure 3. Next-generation sequencing amplicons, and adeno-associated viral 

infection generate knock-in of BioID at CD133 loci. (a) Schematic on the designing of 

primers for genomic amplification of expected RNP cleavage sites in PROM1 (right) and 

N-terminus genomic amplicons (left). Primers were designed to anneal 75bp above the 

expected cut sites to generate 200 bp sized genomic amplicons for next generation 

sequencing (b-c) AAV2/6 shows tropism for human GBMs by infection of GFP with an 

optimal MOI of 1E6. 
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Supplementary Figure 1. (a) Sodium-potassium ATPase membrane marker and (b) 

GAPDH cytosolic marker staining of subcellular fractions in Figure 1. (c) Repair 

template design for N- and C-terminus knock-in of BioID into PROM1.  

Tables 

 

Signal Peptide

N- PROM1

5’ UTR

5’ UTR miniTurboID T2ASignal Peptide synSignal Peptide

N- PROM15’ UTR
miniTurboID KDEL T2ASignal Peptide synSignal Peptide

miniTurboID PROM1Experimental
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Control 2

PROM1 miniTurboID Stop Codon

T2APROM1 miniTurboID Stop Codon

Experimental

Control

3’ UTR

3’ UTR

N-terminal

C-terminal

c
Supplementary Figure 1 continued

Isoform Alternative Name Identifier Positional Changes Relative to S2

Isoform 1 AC133-1; S2 O43490-1 N/A

Isoform 2 AC133-2; S1 O43490-2 92-100: Missing

Isoform 3 S3 O43490-3
93-101: Missing; 831-839: VETIPMKNM -> 

SSWVTSVQC; 840-865: Missing

Isoform 4 S10 O43490-4 93-101: Missing; 839-861: Missing

Isoform 5 S7 O43490-5 93-101: Missing; 831-861: Missing

Isoform 6 S11 O43490-6 831-861: Missing

Isoform 7 S12 O43490-7 839-861: Missing

Table 1

Table 2

Sample Diagnosis Age at Diagnosis Sex
Survival time from 

diagnosis (months)

BT241 GBM 68 F 23

BT935 GBM 53 F 7

MBT06 GBM 50 F Alive

MBT103 GBM 52 F

MBT212 GBM 68 M 13
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CHAPTER 3: Generation and validation of allogeneic CAR-T therapy against 

CD133 

In this chapter, we aimed to generate an allogeneic CAR-T therapy targeted against 

CD133 in human GBM. 

3.1. Materials and Methods 

3.1.1. T-cell Expansion 

Human peripheral blood mononuclear cells (PBMCs) were acquired from consenting 

healthy blood donors using SepMateTM (STEMCELL technologies) as approved by the 

Health Science Research Ethics Board. Upon immunomagnetic enrichment of CD3+ cells 

using the SepMateTM Human T Cell Isolation Kit, isolated T-cells were seeded into a 24-

well dish in XSFM T-cell media supplemented with recombinant human (rh) IL-2 (100 

IU/mL), rhIL-15 (5 ng/mL) and rhIL-7 (1ng/mL) at 1.2 × 106 per well. Cells were  activated 

with 90 µL of human T-cell TransActTM in 900 µL of supplemented XSFM and expanded 

for 14 days prior to experimentation. 

3.1.2. Generation of lentiviral-transduced “autologous” CAR-Ts 

 

Twenty four hours after activation, T-cells were transduced with a CAR-lentivirus at a 

multiplicity of infection (MOI) of 2. CAR-T cell cultures were then expanded using fresh, 

supplemented XSFM media supplemented for 7 days prior to FACS characterization, 

followed by an additional 7 days of expansion prior to experimentation. 

3.1.3. Generation of allogeneic CART133 

Knockouts were be performed by electroporation of complexed Alt-R® As Cas12a with 

the TRAC-targeting guide at a 3:1 guide to protein molar ratio for 15 minutes at room 
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temperature. Using Lonza Amaxa System Kits, 3M T-cells were resuspended in the 

provided electroporation buffer and gently mixed with complexed RNP. The mixture was 

removed to an electroporation cuvette where the T-023 electroporation programs 

(Nucleofector IIb, Lonza Biosciences) was used. For sole assessment of knock-out, cells 

were gently resuspended in their respective media and incubated in a 12-well dish for four 

days prior to flow cytometric characterization. For knock-in, cells were plated at a density 

of 200,000 cells in 50µL of respective media with AAV at an MOI of 1E6 gc/cell. Cells 

were then be cultured for 2-7 days prior to flow cytometric characterization, and for 14 

days prior to experimentation. 

3.1.4 Activation/Exhaustion and Cytokine Release Assays 

CAR-T cells were co-incubated with GBM cells at an effector: target (E:T) ratio of 1:1 for 

24 hours to assess activation. Cells were analyzed for expression of activation markers 

CD25 and CD69, and the exhaustion marker CD69 by FACS. BD Cytometric Bead Array 

Kit will be used for flow cytometric quantification of cytokines independently for CAR-T 

co-cultures, and blood plasma, according to manufacturer’s description. Briefly, in each 

tube 50 μL of either Cytokine Standards dilution or supernatant, 50 μL of Cytokine Capture 

Beads and 50 μL of PE Detection Reagent will be added. After three hours of hour 

incubation at room temperature, the beads will be washed and acquired on a MoFlo XDP 

flow cytometer (Beckman Coulter), setup using Cytometer Setup Beads.  

3.1.4. Luciferase-Based Cytotoxicity Assay 

Luciferase-expressing GBM cells were plated in triplicates at a concentration of  3.0 × 104  

cells per well. Effector cells were then added at the E:T ratios 4:1, 2:1, 1:1 and 0:1 in a final 
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volume of 200 μL of XSFM media and 75 μg/mL of D-luciferin potassium salt,  . 

Bioluminescence intensity (BLI) was measured as relative luminescence units (RLU) by 

an Omega luminometer for 10 seconds. Cells were treated with 1% Nonidet P-40 (NP40) 

lysis buffer as a measure of maximal lysis. Target cells incubated without effector cells 

were used to measure spontaneous death RLU. The readings from triplicates were averaged 

and percent lysis was calculated with the following equation: 

% Specific lysis =100 X (spontaneous death RLU – test RLU)/ (spontaneous death RLU – 

maximal killing RLU). 

3.1.5. In vivo Orthotopic Injections and H&E Staining of Xenograft Tumors 

Animal studies were performed according to guidelines under Animal Use Protocols of 

McMaster University Central Animal Facility (AUP #19-01-01). Intracranial injections 

were performed as previously described using 200K-1M cells of primary GBMs in 8-12 

week old NSG mice (Chokshi, Savage, Venugopal, & Singh, 2020). For tumor volume 

evaluation, animals are sacrificed when mice reach endpoint, and perfused with 10% 

formalin. Brains will be extracted and sliced at 2 mm thickness using a brain-slicing matrix 

for paraffin embedding and H&E staining. Images are captured using an Aperio 

SlideScanner and analyzed using ImageScope v11.1.2.760 software (Aperio). For survival 

studies, all the mice will be kept until they reach endpoint and number of days of survival 

will be noted for Kaplan-Meier Analysis. 

3.1.6. Statistical Analysis 

Respective data is represented as mean±SEM, n values are listed in figure legends. 

Student’s t-test analyses, two-way ANOVA with Bonferroni post-hoc tests, and Log-rank 
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(Mantel-Cox Test) analysis were performed using GraphPad Prism 5. P<0.05 is considered 

statistically significant.  

 

3.2. Results 

3.2.3. KiKo design for the generation of alloCART133 

To generate an allogeneic CART133 (alloCART133), we looked to previously 

published works for editing strategies. One such strategy published by the Chen group 

utilized a knock-in, knock-out (KiKo) technique in which the TCR was knocked-out by 

RNP, and the CAR sequence was inserted by HDR at the same loci. This strategy has 

been previously reported to reduce tonic CAR signalling, as well as regulate expression 

and downregulation of the CAR, and thus regulate T-cell differentiation and exhaustion 

(Eyquem et al., 2017; Long et al., 2015). To generate the alloCART133, we utilized the 

two-step approach previously highlighted in Chapter 2, in which the genomic locus of 

interest is first targeted by RNP, and subsequently repaired by HDR leading to insertion 

of an exogenous repair template delivered by AAV. Thus, we designed a Cas12a (Cpf1) 

guide RNA (gRNA) targeting the first exon of the TCR alpha locus (TRAC) (Figure 4A). 

TRAC1 Guide: GAGTCTCTCAGCTGGTACAGG 

HDR templates containing a second-generation CAR sequence with a CD8𝛼 

hinge, CD28 co-stimulatory domain, CD3𝜁 signaling domain, truncated EGFR (EGFRt) 

tag, and small chain variable fragment (scFv) targeting CD133 (CART133). These HDR 

templates utilized the same sequence used to generate the traditional, lentiviral-

transduced CD133-targeting CAR (CART133). However, this template lacked an 
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exogenous promoter, and was flanked with 200 bp homology arms for integration at the 

TRAC cut site, in an AAV2 backbone (pAAV2).  

3.2.1 Efficient knock-out of TCR by RNP electroporation 

We next sought to assess TCR KO efficacy by T-cell electroporation. To determine 

optimal electroporation parameters, we electroporated a GFP plasmid into isolated human 

T-cells on Day 3 post-activation using a previously optimized electroporation program 

(T-023, Nucleofector II). After four days of expansion, we performed FACS analysis and 

observed 33% infection as measured by GFP expression, confirming uptake of plasmid 

using these electroporation parameters (Figure 4B-C). We next sought to assess whether 

electroporation of TCR-targeting RNP could generate efficient knock-out in human T-

cells. However, unlike plasmid electroporation, consideration of complexing parameters 

and day of T-cell expansion required investigation. In accordance with previously 

published work, we conducted a preliminary study in which we would electroporate T-

cells on Day 3 post-activation. As the accessory TCR molecule CD3 is the primary mode 

of activation in our culturing techniques, early TCR KO could putatively affect the extent 

of T-cell expansion post-editing. Thus, editing on Day 3 would allow T-cells to acquire 

an activated phenotype and continue to expand despite TCR KO. For RNP complexing, 

we first attempted complexing TRAC guide and Cpf1 protein at a 3:1 guide to protein 

ratio for 15 minutes at room temperature. While theoretically one mole of guide and one 

mole of protein would generate a functional RNP, adding additional guide would ensure 

complexing of all available protein. Using these set parameters, we sought to test RNP-

targeting efficacy by electroporation 2 µg, 5 µg or 10 µg of complexed RNP per million 



M.Sc. Thesis – S. K. Salim; McMaster University – Biochemistry & Biomedical Sciences 

83 

 

T-cells, in accordance with manufacturer recommendations. An additional non-targeting 

control guide (AsNeg1) was complexed with Cpf1 to confirm guide specificity and ensure 

electroporation did not affect TCR expression alone. After expanding electroporated cells 

for additional four days, we observed a 90% reduction in TCR expression by FACS 

analysis with as low as 2 µg of RNP (Figure 4D, Supplementary Figure 2A). While 

there was some reduction in viability by electroporation, this effect was minimal, and 

healthy edited cells continued to expand. Thus, while complexing and T-cell 

characteristics were fixed parameters, editing was highly efficacious, leading us to 

proceed with the above parameters for generating a cut in the TRAC locus.  

 

3.2.2 CAR Integration by AAV Infection and TCR+ Cell Depletion  

Prior to use of AAV, we first sought to assess various strategies for delivery including 

plasmid co-electroporation, isolated repair co-electroporation, and AAV. Repair delivery 

by plasmid and RNP co-electroporation at 15 µg, 10 µg, and 5 µg, and repair 

template/RNP co-electroporation proved toxic and insufficient for knock-in in T-cells by 

FACS analysis (Supplementary Figure 2B-E). This may have been as a result of co-

electroporation of large sized DNA fragments along with RNP, or due to impurity of 

DNA product. This could have been mitigated by assessing double electroporation (RNP 

and then repair), and purification of DNA fragments. While these strategies have 

previously been successfully used, we believed that AAV was the optimal approach for 

repair template delivery to avoid toxicities associated with the prior approach (Webber et 

al., 2019). The AAV strategy was additionally promising as a much higher quantity of 

repair DNA could be infected to increase the likelihood of an HDR event.  
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In looking to the literature, knock-in events in primary T-cells were observed upon 

AAV infection at an MOI of 1E6 AAV genome copies, approximately 2-4 hours after 

RNP electroporation (Dai et al., 2019; Eyquem et al., 2017). Thus, we first attempted to 

infect T-cells at various MOIs (1E5, 1E6 and 1E7) three hours post-electroporation for 

successful CAR integration. After five days of expansion, FACS analysis revealed a lack 

of successful integration as measured by EGFRt expression (Supplementary Figure 2F). 

We hypothesized that this may have been due to either AAV purity, or time of infection 

post-electroporation. To assess whether optimizing time of infection post-electroporation 

could yield successful integration, we performed a sample insertion in Jurkat cells, an 

immortalized T-lymphocyte line. Successful integration would yield a 1180 bp DNA 

fragment flanking the TRAC cut site, which we observed with AAV infection in Jurkat 

cells one-hour post-electroporation of RNP. Interestingly, we did not observe integration 

of Jurkat cells at four hours post-electroporation (Supplementary Figure 2G). Thus, we 

attempted to conduct a time-course experiment at a fixed MOI (1E6) in primary T-cells in 

which we would infect with AAV immediately, 30 minutes, one hour, 2 hours, and 4 

hours post-electroporation. We additionally utilized a new AAV batch with high purity. 

At all timepoints, we found successful integration in human T-cells as measured by 

expression of EGFRt and TCR by FACS analysis. As we observed integration at all 

timepoints irrespective of the time to addition, we concluded that AAV purity, indicated 

by isolated bands of AAV capsid proteins (VP1, 2 and 3) by SDS-PAGE was the limiting 

factor for integration (Figure 5A, Supplementary Figure 2H). While time to AAV 
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infection was not limited for successful integration, we observed the highest integration in 

primary human T-cells with immediate infection after electroporation.  

We next sought to assess the stability of population EGFRt expression. We observed 

increased proliferation of TCR-positive control cells, in comparison to their knock-out 

counterparts in accordance with previously published works (Stenger et al., 2020). FACS 

analysis of knock-out revealed a shift in population TCR expression in which we 

observed only 18% TCR expression on Day 7, which increased to 48% on Day 13. This 

would be important to consider in the generation of alloCART133 as heterogenous 

products could confound conclusions on the efficacy of the CAR, and putative toxicity. 

Thus, we validated the use of an immunomagnetic TCR-positive depletion kit which 

purified heterogeneous TCR-KO products from any remaining TCR+ cells, as detected by 

flow cytometry. Therefore, using RNP electroporation, immediate infection and TCR-

depletion, we successfully generated alloCART133 in three primary T-cell biological 

replicates (Leuk10, 12, 14 post TCR-depletion), in which we observed EGFRt expression 

ranging from 35% integration to 50%, indicating high yield, efficacious knock-in editing 

(Figure 5C). 

 

3.2.3 Generation of an alloCART133 expansion protocol 

We next sought to establish a reliable expansion protocol for edited T-cells, 

particularly alloCART133. Akin to previous literature, expansion of alloCART133 has 

proven challenging (Depil et al., 2020). While editing has been successful, generating large 

enough quantities of edited T-cells for pre-clinical assessment required optimization. Thus, 
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we revisited the initial editing protocol to assess the efficiency of each step in the 

alloCART133 generation and expansion protocol. The initial protocol consisted of 

purifying CD3+ T-cells, activating with soluble activator for three days, and then editing 

1M T-cells in a single reaction with 2 μg of complexed Cpf1 RNP. All edited cells were 

then plated in a 24-well dish and infected with AAV at an MOI of 1E6 gc/cell in a volume 

of 500 μL of supplemented T-cell media and moved to a flask the next day. Cells would 

then be topped up the next day and expanded in a T75 flask for an additional seven days 

prior to immunomagnetic TCR-depletion, flow characterization and freezing. This initial 

expansion protocol rarely yielded more than 1M alloCART133+ cells, from as many as 6M 

edited cells. To generate larger T-cell quantities, we first sought to ensure that we were 

expanding and editing only T-cell populations. Flow cytometric characterization pre- and 

post-CD3 immunomagnetic enrichment isolated for solely T-cell populations (pre-

enrichment CD3+ Leuk10 = 81.25%; post-enrichment CD3+ Leuk10 98.65%), suggesting 

that the pre-editing product was pure (Supplementary Figure 3A). To increase final 

alloCART133 yields, we next sought to assess whether we could edit more cells per 

reaction with similar editing efficiency. In comparison to 1M cells per reaction, editing 

efficiency remained comparable at 3M cells with 2 μg of TRAC-targeting Cpf1 

(Supplementary Figure 3B). While this ensured that we were editing more cells to 

increase yields, these early steps were not sufficient to increase final alloCART133 

numbers as the pooled cells failed to expand post-edit. To optimize post-edit expansion, we 

sought to assess whether changing cell density could impact edited T-cell expansion. We 

did this by editing 3M T-cells and plating them in 24-wells immediately post-edit at either 
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a density of 0.5M cells or 1M cells. The next day, T-cells were spun down and resuspended 

in fresh media and moved to a 6-well dish or kept in a 24-well. After seven days of 

culturing, we found that plating cells at an initial density of 1M cells, and then replating in 

a 24-well yielded the highest quantity of pooled cells (19.2M), while plating in a 6-well 

yielded 11.62M. Plating at an initial density of 0.5M cells yielded lower total T-cell 

numbers across all expansion conditions (Supplementary Figure 3C). While this was 

promising, immunomagnetic depletion of TCR-positive cells post edit depleted 95% of 

cells, indicating that expanded T-cells were unedited. This was later confirmed by flow 

cytometric evaluation. Thus, we sought to improve the total editing efficiency of T-cells to 

yield higher final alloCART133 cells. To do so, we performed AAV infection in the 

original 24-well (1M) versus a 96-well round bottom dish at a density of 200,000 cells per 

well, in 50 μL. Knock-in efficiency increased from 11.77% to 42.17% in the 96-well, likely 

due to increased contact of viral particles with cells in lower volumes, and spatial density 

(data not shown). However, despite optimization at all steps of allogeneic CAR-T 

generation, edited Leuk10 cells rarely expanded to high enough numbers for pre-clinical 

evaluation. Thus, we sought to assess whether PBMCs from different patient samples could 

edit and expand better than Leuk10. Editing in Leuk12, another leukapheresis product 

derived from a healthy donor, generated even higher knock-in efficiency and expansion. 

Pre-TCR-depleted products had 44% expression of EGFRt (CAR marker), and 3% TCR+ 

cells, indicating 97% TCR KO cells. Post-depletion eliminated all TCR+ cells and increased 

relative CAR frequency to 47%.  Even more so, these cells expanded post-editing to 

generate 10M CAR+ cells (20M cells) from 6M edited cells (data not shown).  Thus, while 
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we observed better growth kinetics and editing with different strategies, the expansion of 

Leuk12 revealed that these differences were likely due to intrinsic PBMC product 

characteristics. Thus, we were able to define an optimized expansion protocol, as well as 

identify sample to sample variations in editing efficiency and yield. 

3.2.4 In vitro treatment of alloCART133 shows comparable efficacy to CART133 

We next sought to assess the pre-clinical efficacy of alloCART133 by performing in 

vitro cytotoxicity and activation assays using a patient-derived GBM specimens expressing 

high levels of CD133; BT935. To test CAR specificity against CD133, we additionally 

performed this assay in HEK 293T (overexpression). After engineering these target cells 

with firefly luciferase and infrared red fluorescent protein (iRFP), we co-cultured control 

CAR (CAR CON), the autologous CAR (CART133), TRAC-KO cells and alloCART133 

for 24 hours. Cytotoxicity, as measured by lower luminescence signal, was preferentially 

observed in CD133-targeting effector cells (CART133 and alloCART133) at various 

effector to target ratios (E:T) in BT935 using Leuk10 (Figure 6A, Supplementary Figure 

4A) and Leuk12 edited cells (Supplementary Figure 4B). AlloCART133 showed 

relatively comparable cytotoxicity in BT935 in comparison to CART133. In contrast, no 

cytotoxicity was observed in HEK 293T confirming specificity of the CAR in 

alloCART133 and CART133 in Leuk10 cells (Figure 6B, Supplementary Figure 4C). 

These findings were assessed in two biological T-cell replicates, Leuk10 and Leuk12, 

confirming the replicability of comparable capacity of alloCART133 and CART133 

irrespective of PBMC derivation. 
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We next performed activation assays by FACS characterization of CAR CON, 

CART133, TRAC-KO and alloCART133 after 24 hours of co-culturing with target cells at 

an E:T ratio of 1:1 using Leuk10 cells in CD133HIGH lines GBM8 and BT935, as well as 

negative control HEK 293T. To assess activation, we stained cells with the early activation 

marker CD69, as well as the activation/exhaustion marker PD-1 in CD4 and CD8 T-cell 

products. We observed significant and preferential activation of alloCART133 when co-

cultured with CD133-expressing cells (BT935, GBM8), in comparison to non-targeting T-

cell products (TRAC-KO and CAR CON)(Figure 6C-J).While CART133 showed more 

potent activation, alloCART133 showed lower basal and non-specific activation as 

measured by CD69 expression, and/or exhaustion, as measured by PD-1 expression in the 

absence of target cells relative to both CAR CON and CART133, particularly in the CD4 

fractions (Figure 6E, H-J). While PD-1 is not a discriminate exhaustion marker alone, 

lower levels of PD-1 expression in alloCART133 may be indicative of reduced exhaustion. 

This may be due to reduced tonic signalling associated with traditional CAR-Ts that is 

mitigated in alloCART133 by control of CAR expression by the endogenous TCR 

promoter. Thus, the cumulation of these results suggested that alloCART133 showed in 

vitro preclinical efficacy against CD133-expressing GBMs, and lower basal activation 

relative to CART133.  

3.2.5 In vivo treatment of alloCART133 shows moderate tumor control 

While we observed differences in in vitro behaviour of alloCART133 in comparison 

to CART133, we sought to compare their pre-clinical efficacy in an intracranial, in vivo 

patient-derived xenograft of human GBM. Thus, we engrafted 1M BT935 expressing 
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firefly luciferase in 8–12-week-old NOD/SCID/IL-2Rγ-null (NSG) for treatment (N=24). 

Upon confirming engraftment of BT935 using the in vivo imaging system (IVIS) to detect 

luminescence signal, we randomized mice based on basal tumor volume into four 

treatment cohorts: CAR CON, TRAC-KO, CART133 and alloCART133. We next treated 

mice intratumorally with two doses of 1M T-cells (CAR CON and TRAC-KO) or CAR-

expressing cells (alloCART133 and CART133) over a two-week period. While the 

experiment has not reached endpoint to assess survival differences, weekly imaging by 

IVIS has currently revealed modest tumor control in alloCART133-treated mice, and 

more robust tumor control in CART133. As expected, mice bearing tumors treated with 

TRAC-KO cells harbour the largest tumor volume, followed by CAR CON, alloCART133 

and CART133. As TRAC KO cells do not express the TCR, allogeneic effects may 

modestly reduce tumor volume as comparatively observed in CAR CON. This 

phenomenon may additionally be observed in CART133 (Figure 6K). However, 

activation kinetics observed in in vitro assays may explain the current changes in tumor 

kinetics. As CART133 showed rapid and robust activation, tumor control may be more 

robust earlier on in comparison to alloCART133. While alloCART133 showed activation, 

reduced constitutive signalling and exhaustion may allow for CAR persistence and long-

term tumor control.  

3.2.6 Short-term next steps 

In the immediate future, we plan to collect in vitro activation, cytotoxicity and 

cytokine release data in BT935, GBM8 and HEK 293T. The initial set of experiments did 

not include TRAC-KO as a control, which was later deemed necessary as CAR CON was 
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an inappropriate control for allogeneic CARs edited in a different manner. This data will 

also be extended in vivo, in which we plan to collect survival data and tumor burden data 

at endpoint for BT935. This will allow us to compare efficacy of alloCART133 to 

CART133. Xenograft studies will additionally be extended to a biological replicate 

(GBM8) to ensure that efficacy is “universal” and not mediated by tumor-specific factors. 
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Figure 4. Editing in primary T-cells reveals efficient TCR knockout by RNP 

electroporation. (a) Schematic on KiKo editing strategy for generation of allogeneic 

CART133 in primary T-cells. Electroporation of TRAC-targeting Cpf1 generates a 

knock-out followed by knock-in of CART133 sequence by homology-directed repair 

upon AAV infection. (b-c) Electroporation is a viable transfection strategy in T-cells as 

shown by electroporation of GFP plasmid. (d) Electroporation of TRAC-targeting RNP 

successfully knock-out TCR in primary T-cells at 2 μg of complexed, electroporated RNP 

in Leuk10 cells. 
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Figure 5: CART133 knock-in successfully generated alloCART133 and requires 

TCR+ cell depletion. (a) Time-dependent infection of AAV-CART133 after RNP 

electroporation reveals successful knock-in at all timepoints as measured by EGFRt 

expression. (b) TCR+ cells out-proliferate TCR-KO cells and require immunomagnetic 

depletion from knock-out pool. (c) KiKo strategy and TCR depletion reveals high 

efficiency editing in three biological primary T-cell replicates. 
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Figure 6: AlloCART133 shows anti-tumor efficacy in vitro and in vivo in patient-

derived GBM xenografts. Cytotoxicity assay of (a) BT935 and (b) in Leuk10 edited 

cells reveals comparable CART133 and alloCART133 killing. Activation (CD69) and 

exhaustion (PD-1) marker expression of CD4+ Leuk10-edited T-cells when co-cultured 

with CD133HIGH lines (c) BT935, (d) GBM8 and CD133- line (e) HEK 293T shows 

comparable phenotype of AlloCART133 to CART133 in the presence of CD133. 

Activation and exhaustion marker expression of CD8+ Leuk10-edited T-cells when co-

cultured with CD133HIGH lines (f) BT935, (g) GBM8 and CD133- line h) HEK 293T 

shows comparable phenotype of AlloCART133 to CART133 in the presence of CD133. 

Activation and exhaustion marker expression of (i) CD4+ and (j) CD8+ basal Leuk10-

edited T-cells shows lower basal activation and exhaustion of AlloCART133 in CD4+ 

cells. (k) In vivo T-cell product treatment in BT935 reveals modest tumor control in mice 

treated with CART133 and alloCART133. Points represent mean of three technical 

replicates. Error bars represent standard error of the mean. *p ≤ 0.05, **p ≤ 0.001, ***p ≤ 

0.0001; ****p ≤ 0.00001; multiple t-tests with Holm-Sidak correction. 
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. 

 
Supplementary Figure 2. (a) 2 μg of TRAC-targeting RNP in Leuk10 cells is sufficient 

to efficiently knock-out TCR expression. (b-d) Co-electroporation of repair template 

containing CAR sequence in plasmid did not generate knock-in at 5, 10 and 15 μg of 

plasmid. (e) Co-electroporation of a 5 μg of isolated repair template proved toxic to T-

cells and did not generate successful knock-in. (f) Infection of an impure AAV product at 

multiple MOIs (1E6, 1E6 and 1E7) did not successfully generate a knock-in in human T-

cells. (g) Repair in Jurkat cells is only successful upon AAV infection one-hour post-

electroporation. (h) AAV purity, measured by capsid protein band detection by SDS-

PAGE revealed differences in knock-in capacity in human T-cells. 
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Supplementary Figure 3. (a) CD3+ enrichment prior to editing and expansion reveals 

pure T-cell population. (b) Electroporation of 3M T-cells with 2 μg of TRAC-targeting 

RNP shows comparable editing to 1M cells. (c) Plating unpurified edited T-cells at a cell 

density of 1M cells in a 6-well dish yields highest expansion rate. 
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Supplementary Figure 4. Cytotoxicity assay of (a) Leuk10 and (b) Leuk12 edited T-

cells in co-culture with BT935. (c) Cytotoxicity assay of HEK 293T with Leuk10 edited 

T-cells. Error bars represent standard error of the mean. *p ≤ 0.05, **p ≤ 0.001, ***p ≤ 

0.0001; ****p ≤ 0.00001; multiple t-tests with Holm-Sidak correction. 
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 

4.1 Discussion 

GBM is the most common primary malignant brain tumor in adults. Despite 

aggressive multi-modal treatment including surgery and chemoradiotherapy, GBM 

remains incurable. Poor prognosis and clinical outcome may be attributed to significant 

spatiotemporal ITH present at the genomic, epigenomic and transcriptomic levels.  This 

may be attributed to a small population of chemo- and radio-resistant GSCs marked by 

the pentaspan glycoprotein CD133. The expression of CD133 has previously been shown 

to correlate with disease progression, metastasis, recurrence, and poor overall survival. 

Despite our understanding of its clinical and phenotypic outputs, little is currently known 

of the function of CD133, highlighting a pivotal gap in our understanding of GSC biology 

in current research. 

To define the role of tumorigenic proteins, the study of PPIs and protein interaction 

networks in cancer presents as an avenue to define complex oncogenic phenotypes and 

processes, such as those associated with CD133. This led to the conception of the first 

project of this thesis, in which we aimed to interrogate the PPIs of CD133 by use of 

BioID. However, due to the current limitations of the use of BioID, we sought to use 

genetic engineering by CRISPR to generate an endogenously BioID-tagged CD133 in 

human GBMs. 

While the biological function of CD133 has yet to be holistically defined, previous 

work from our lab has revealed that targeting GSCs by CD133 presents as a promising 

therapeutic strategy. In particular, the rational development of a CD133-targeting CAR-T 
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was able to eliminate tumor burden and significantly increase survival in our patient-

derived models of human GBM (Vora et al., 2020). Even more so, we developed on the 

first patient-derived, pre-clinical models of “on-target, off-tumor effects” for antigens 

expressed also expressed in the human hematopoietic system (Salim et al., 2020). 

However, as the next step in the path towards clinical development, CAR-T generation is 

currently limited as it is autologous, or patient-derived in nature. This presents a host of 

concerns including time to manufacturing, inconsistent products, and disease-related 

challenges such as qualitative and quantitative T-cell dysfunction. To circumvent these 

concerns, the use of allogeneic, or donor-derived CAR-Ts has begun to gain clinical 

traction for hematological malignancies. This thus led to the development of the second 

project, in which we sought to pre-clinically test the use of an allogeneic CD133 CAR-T 

in our model systems. 

4.1.1 Endogenous genomic knock-in of BioID 

In Chapter 2, we began to assess the use of an endogenous BioID system, in which 

we would knock-in a biotin ligase (miniTurboID) into the N- and C-terminus genomic 

loci of PROM1. We first assessed the array of CD133 expression in five patient-derived 

human GBM samples, in which we observed differential population-based expression, as 

well as localization (cell surface vs intracellular) by FACS analysis and immunoblotting 

of subcellular membranous and cytosolic fractions. Akin to pervious literature, CD133 

has previously been shown to localize cytoplasmically in plasma membrane-negative 

GBM cells (Brescia et al., 2013). An independent study previously showed that shuttling 

of CD133 may be dependent on environmental cues such as nutrient availability (Izumi et 
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al., 2019). However, these studies examined differences in CD133 cell-surface positivity 

from the same tumor specimens. Other studies have confirmed stable detection of CD133 

lacking the epitope AC133 in GBM specimens, as observed in our patient-derived 

specimen BT241 (Campos et al., 2011). Though this study did not assess prognostic 

differences based on CD133 localization, cytoplasmic CD133 has been associated with 

poor outcome in hepatocellular carcinoma and clear renal cell carcinoma (Y. L. Chen et 

al., 2017; Saeednejad Zanjani et al., 2017). Alternatively, in other solid cancers such as 

triple negative breast cancer, hepatocellular carcinoma and colorectal adenocarcinoma, 

nuclear mislocalization of CD133 has been detected, and was associated with better 

overall prognosis (Cantile et al., 2013; Y. L. Chen et al., 2017; Y. M. Lee, Yeo, Seong, & 

Kim, 2018). These studies putatively highlight the array of CD133 function across 

cancers, and within GBM, and thus the need to develop a thorough understanding of its 

mechanism. 

To edit GBM cells, we have assessed the use of a two-step strategy using 

electroporated RNP, followed by AAV-mediated delivery of an HDR template. Primary 

human cells such as patient-derived GBM specimens have been notoriously difficult to 

edit by conventional transfection methods. Though AAV has previously been used in 

GBM for CRISPR screening, we believe that we have shown the broader use of CRISPR 

technology and AAV infection as strategies for enabling PPI discovery (Chow et al., 

2017). In working to generate an endogenous BioID-tagged CD133, we hope to 

characterize the utility of a biologically-relevant screening platform.  
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4.1.2 Generation of alloCART133 shows early pre-clinical efficacy  

In Chapter 3, we show the generation and pre-clinical validation of an allogeneic 

CAR-T product targeting CD133.  Using a previously reported technique, we show that 

KiKo of CART133 at the endogenous TCR using CRISPR and AAV-mediated genomic 

engineering is a highly efficient technique in editing human T-cells (Dai et al., 2019). Of 

the work currently published on allogeneic CAR-Ts, some variability exists in locus of 

choice (TRAC or TRBC (β constant region)). In this work, targeting the TRAC was 

sufficient in knocking out the αβ TCR heterodimer. While targeting of the TRBC may 

present as an alternative strategy, a previous study found no differences in TRAC or 

TRBC knockout T-cells in expansion, specific lysis and T-cell phenotype (Torikai et al., 

2012). Of more significance is the study of TCR KO on the development of GvHD. 

Interestingly, few studies in the literature have addressed the issue of GvHD and 

allorejection in pre-clinical models and primarily assessed in patients (Brudno et al., 

2016; Y. Chen et al., 2017). In looking to studies on hematopoietic stem cell transplant, 

clinical manifestations of GvHD include hunched posture, reduced activity and weight 

loss. However, this may present as a challenge for use in cancer models as tumor-bearing 

mice show similar clinical symptoms (Jacus, Rahija, Davis, Throm, & Stewart, 2015).  

Thus, the need to develop a robust and reliable model system for evaluating and 

predicting clinical GvHD is still required. 

Another consideration in the development of allogeneic CAR products that may be of 

more immunological significance is of allorejection or host elimination. To circumvent 

this issue, B2M has been targeted to knockout Class I MHC molecules to avoid host 
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rejection (X. Liu et al., 2017). However, this may mark allogeneic products for 

elimination by natural killer (NK) cells via “missing-self” induced lysis by binding of 

HLA-E to activating receptors such as CD94/NKG2C (Lauterbach, Wieten, Popeijus, 

Voorter, & Tilanus, 2015). However, B2M knock-out may be unnecessary in allogeneic 

CAR-Ts for intratumoral treatment as NK cells do not show high propensity for immune 

infiltration in the GBM TME (Yang, Han, Sughrue, Tihan, & Parsa, 2011). This however 

would require pre-clinical and clinical evaluation of sole TCR-KO allogeneic product 

persistence in the intracranial compartment. While the combined knock-outs in allogeneic 

products may require more thorough investigation, this work highlights the applicability 

of multiplexing. For instance, allogeneic CAR-Ts may benefit from combined knock-out 

of clinically relevant markers such as immune checkpoints including PD-1(X. Wang et 

al., 2019), TIM-3(Sakuishi et al., 2010), LAG-3(Harris-Bookman et al., 2018), TIGIT 

(Lucca et al., 2020), MGAT3(Ye et al., 2019), PDIA3(Ye et al., 2019) and A2AR 

(Goswami et al., 2020). This may improve T-cell function in response to 

immunosuppressive factors in the TME, as CAR products for GBM have shown limited 

success in the clinic (Nabil Ahmed et al., 2015; Brown et al., 2016; O'Rourke et al., 

2017). 

4.2 Future Directions 

To characterize the CD133 protein-protein interactome, we next plan to perform 

the miniTurboID integration in human GBM cells. In particular, we hope to perform these 

experiments in BT935 and BT241 to investigate PPIs associated with differential 

localization, and in human NSCs to interrogate disease-related PPIs. Upon integration, we 
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will validate tagging of BioID to CD133 by immunofluorescence, co-

immunoprecipitation and western blotting to ensure appropriate localization and function. 

In addition, functional assays will be performed in comparison to wildtype cells to ensure 

that signalling and associated phenotypic output, namely sphere formation and 

proliferation, of CD133 is unaffected by tagging. Following validation of endogenous 

tagging, the BioID screen will be performed followed by proteomic analysis to identify 

putative PPIs, which will require subsequent validation by the aforementioned assays. 

While identification of PPIs presents opportunities for targeting, the primary goal of this 

study will be to describe novel CD133 PPIs in human GBM, as well as present the 

endogenous genomic knock-in of BioID as a validated discovery platform for use in 

primary cells. 

 To complete the pre-clinical assessment of alloCART133, we plan to extend 

assessment of in vivo efficacy to GBM8 as a biological replicate. We plan to collect 

survival data as well as differences in tumor burden for all in vivo cohorts to compare 

efficacy between CART133 and alloCART133. Upon defining pre-clinical efficacy, we 

will perform immunogenicity studies in immunocompetent mouse model of GBM. Using 

the chemically-induced mouse glioma line CT2A engineered to express human CD133, 

we will treat human T-cell products, including alloCART133 and CART133 to assess 

GvHD in mice. By treating intratumorally and intravenously by tail vein injection, we can 

additionally assess host elimination of CART133 and alloCART133 to define whether 

treatment modality can circumvent allorejection. By generating a robust gene editing 
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strategy in T-cells, we additionally hope to combine TCR-KO with the knock-out of other 

biologically relevant genes such as PD-1 to improve CAR efficacy in patients. 

In conclusion, GBM presents an aggressive and incurable disease with poor 

patient prognosis. Using CD133 as a centralizing concept, the work of this thesis aimed to 

further our understanding of its role in GBM while optimizing targeting modalities 

against it. By working to uncover the mechanism(s) and interactions by which CD133 

confers a tumorigenic phenotype, we hope to expand avenues for targeting and define its 

role in GBM. Simultaneously, by developing next-generation allogeneic 

immunotherapeutics, we hope to improve the accessibility of CAR-T therapy by use of 

“off-the-shelf” donor-derived products, while optimizing functionality with the aid of 

genomic editing to improve clinical outcomes in GBM. 
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