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LAY ABSTRACT 

Glioblastoma remains the most lethal and prevalent primary brain tumor in adults. Standard of 

care for patients remains unchanged since 2005, consisting of surgery to remove visible tumor at 

diagnosis (primary tumor), followed by radiation therapy and chemotherapy to treat remaining 

tumor cells. Despite these therapeutic efforts, tumor relapse (recurrent tumor) is inevitable with no 

standardized second-line therapy. Patients succumb to recurrent disease with a median overall 

survival of 14.6 months and only 5.5-6.8% of patients survive five years post diagnosis. 

 

Therapy failure and tumor relapse are explained by immense diversity among tumor cells at the 

DNA and protein levels, giving rise to a subset of tumor cells with abilities to resist therapy and 

seed the recurrent tumor. Previous studies have presented evolution of tumor cells through therapy, 

with recurrent tumor cells harboring novel changes at the DNA and protein levels. However, the 

impact of these changes on tumor cell function has not been evaluated.  

 

In this thesis, we developed and applied a genetic screening technique to determine the functional 

role of thousands of genes in primary and recurrent tumor cells from the same patient. This analysis 

revealed numerous genes that exhibit differential effects on survival of primary and recurrent 

tumor cells, including genes that drive recurrent tumor cell growth but are dispensable in primary 

tumor cells.  

 

Functional remodeling of these genes and pathways revealed a new functional role of multiple 

proteins belonging to a process called axonal guidance in recurrent tumor cells. To evaluate the 

therapeutic potential of these findings, we deeply interrogated the mechanism by which axonal 
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guidance drives recurrent tumor cells and targeted crucial molecular players using chemical and 

immunological therapies. Using models that predict clinical effectiveness, we engineered and 

tested a novel therapy that redirects immune cells to target recurrent tumor cells driven by 

dysfunctional axonal guidance activity. The goal of this thesis was to discover the functional 

differences between primary and recurrent tumor cells, thereby leveraging this information to 

engineer candidate therapies for treatment of recurrent glioblastoma.   
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ABSTRACT 

Glioblastoma (GBM) remains the most aggressive and prevalent malignant primary brain tumor 

in adults. Unchanged since 2005, standard of care (SoC) consists of surgical resection, followed 

by radiation therapy (RT) with concurrent and adjuvant chemotherapy with temozolomide (TMZ). 

Despite these therapeutic efforts, patients succumb to recurrent disease with a median overall 

survival of 14.6 months and a five-year survival rate of 5.5-6.8%. Therapeutic failure is largely 

explained by ITH and the presence of treatment-resistant GBM stem-like cells (GSCs). Given the 

lack of understanding of recurrent GBM and absence of second line therapies patients, I 

hypothesize that genome-scale functional genetic interrogation will unravel recurrent GBM-

specific tumor biology and inform development of novel therapeutics.  

 

First, I compared primary and recurrent GBM at the genetic, transcriptomic, proteomic and 

functional genetic levels. These analyses map a multilayered genetic response to drive tumor 

recurrence, identifying protein tyrosine phosphatase 4A2 (PTP4A2) as a novel modulator of self-

renewal, proliferation and tumorigenicity at GBM recurrence. Mechanistically, genetic 

perturbation and a small molecule inhibitor of PTP4A2 repress axon guidance activity through a 

dephosphorylation axis with roundabout guidance receptor 1 (ROBO1) and exploit a genetic 

dependency on ROBO signaling. Importantly, engineered anti-ROBO1 single-domain antibodies 

also mimic the effects of PTP4A2 inhibition.  

 

Given the genetic dependency on ROBO signaling and enrichment of ROBO1 expression in GBM 

tissues, I undertook a campaign to evaluate ROBO1 as a therapeutic target in recurrent GBM and 

develop anti-ROBO1 chimeric antigen receptor T (CAR-T) cells using camelid single-domain 



 7 

antibodies targeting human ROBO1. I optimized the design of anti-ROBO1 CAR-T cells and 

tested the anti-tumor activity of these modalities in in vitro using patient-derived recurrent GBM 

lines and orthotopic patient-derived xenograft models. I present data to expand the repertoire of 

GBM-enriched antigens suitable for effective CAR-T cell therapy. Given that resistance to SoC 

and disease relapse are inevitable for GBM patients, pre-clinical and clinical advancement of 

immunotherapeutic modalities, combined with recent insights into the tumor immune 

microenvironment, are poised to improve clinical outcomes for this patient population. 
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CHAPTER 1: Introduction 

Preamble 

This chapter presents an introduction into glioblastoma (GBM), including clinical characteristics 

and prognosis of GBM patients, current standard of care and approved therapies, molecular 

characterisation and classification of GBM, intratumoral heterogeneity and the cancer stem cell 

hypothesis in GBM, the inevitability of treatment resistance and tumor recurrence, and emerging 

therapeutics that modulate the tumor immune microenvironment (TIME). Lastly, I present the 

hypothesis and overall aims of this thesis. 

This chapter contains excerpts from the following published review: 

Chokshi, C. R., Brakel, B. A., Tatari, N., Savage, N., Salim, S. K., Venugopal, C., & 

Singh, S. K. (2021). Advances in Immunotherapy for Adult Glioblastoma. Cancers, 13(14), 

3400.  

This chapter also contains excerpts from the following original manuscript: 

Chokshi, C. R., Tieu, D., Brown, K. R., Venugopal, C., Liu, L., Kuhlmann, L., Rossotti, 

M.A., Chan, K., Tong, A. H. Y., Savage, N., McKenna, D., Aghaei, N., Subapanditha, M., 

Shaikh, V.M., Tatari, N., Brakel, B., Nachmani, O., Ignatchenko, V., Salamoun, J. M., 

Wipf, P., Sharlow, E. R., Provias, J. P., Lu, J. Q., Murty, N. K., Lazo, J. S., Kislinger, T., 

Henry, K. A., Lu, Y., Moffat, J., & Singh, S. K. Functional mapping reveals widespread 

remodelling and unrecognized pathway dependencies in recurrent glioblastoma. 

(manuscript in preparation) 
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1.1 Glioblastoma 

1.1.1 Clinical characteristics and prognosis 

Glioblastoma (GBM) remains the most common malignant primary brain tumor in adults (Vargas 

Lopez, 2021; Weller et al., 2021; Wen et al., 2020). Following diagnosis, patients undergo an 

aggressive standard of care (SoC) that consists of surgical resection of the bulk tumor, followed 

by chemoradiotherapy. However, tumor recurrence is inevitable with a median overall survival of 

<15 months post-diagnosis and a five-year survival rate of only 6.8% (Ostrom et al., 2021; Stupp 

et al., 2009). GBM has an incidence rate of 3.23 per 100,000 individuals, with a higher incidence 

in males (4.04) compared to females (2.53), and accounts for 14.3% of all primary brain and other 

CNS tumors and 49.1% of primary malignant tumors . Incidence rates were highest in individuals 

age 75-84 years (Ostrom et al., 2021). Despite substantial progress in understanding tumor biology, 

there have been no changes to SoC since the addition of alkylating agent temozolomide (TMZ) to 

radiotherapy in 2005 (Stupp et al., 2009; Stupp et al., 2005). 

 

According to the World Health Organization (WHO) classification of central nervous system 

(CNS) tumors, GBM is a grade 4 tumor histologically-characterized by florid microvascular 

proliferation, necrosis with or without pseudopalisading, abnormal cellular and nuclear atypia, and 

poor differentiation with sparse mitotic activity (Louis et al., 2021; Whitfield and Huse, 2022). In 

addition to histological features, the 2021 WHO classification requires at least one of the following 

criteria to classify an IDH-wildtype diffuse and astrocytic glioma as GBM: TERT promoter 

mutation, EGFR amplification, and gain of chromosome 7/loss of chromosome 10 (+7/-10) (Louis 

et al., 2021; Whitfield and Huse, 2022). TERT promoter mutations lead to telomerase reactivation 

that maintains telomere length, while EGFR amplification increases downstream signaling 
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promoting survival and cellular proliferation. However, the biological significance of +7/-10 is 

poorly understood, with the exception that gain of chromosome 7 leads to increased expression of 

secreted platelet-derived growth factor ɑ (PDGFA) (Ozawa et al., 2014).  

 

Between 2014 to 2018 in the USA, GBM accounted for 14.3% of all brain and other CNS tumors 

and 49.1% of malignant tumors, of which 74.2% were IDH-wildtype, 2.0% IDH-mutant and 21.1% 

with IDH status unknown (Ostrom et al., 2021). Missense IDH mutations are found in >80% of 

grade II/III gliomas, and prior to recent reclassification by the WHO (Louis et al., 2021), IDH-

mutant low grade astrocytic and oligodendroglial gliomas that recurred as grade IV tumors were 

diagnosed as secondary GBM (Louis et al., 2016). Under normal conditions, isocitrate 

dehydrogenase or IDH enzymes function as homodimers to convert isocitrate to ɑ-ketoglutarate 

(ɑ-KG), participating in multiple metabolic processes such as the Krebs cycle, glutamine and lipid 

metabolism, and redox regulation (Koh et al., 2004; Lee et al., 2004). Heterozygous mutations of 

arginine residues within the IDH catalytic site (R132 for IDH1, R140 or R172 for IDH2) lead to 

neomorphic enzymatic activity by mutant IDH, which further converts ɑ-KG to D-2-

hydroxyglutarate (D-2-HG) in an NADPH-dependent manner (Dang et al., 2009; Yan et al., 2009). 

Accumulation of D-2-HG in tumor cells depletes ɑ-KG and shifts carbohydrate sources to 

glutamine, glutamate and branched-chain amino acids (Dang et al., 2009; McBrayer et al., 2018; 

Reitman et al., 2011; Waitkus et al., 2018). In addition, mutant IDH reduces glycolysis, shifts 

tumor cells to glutamine-derived lipogenesis and leads to global CpG island DNA 

hypermethylation and histone methylation, which may explain the relatively slow growth of IDH-

mutant GBM (Christensen et al., 2011; Noushmehr et al., 2010; Reitman et al., 2014).  
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GBM tumors harbouring an IDH mutation doubled median patient survival to 31 months compared 

to 15 months for IDH wildtype tumors (Cancer Genome Atlas Research et al., 2015; Eckel-Passow 

et al., 2015; Yan et al., 2009). Despite identical histological features, these survival differences 

supported a reclassification of IDH-mutant GBM tumors as grade IV IDH-mutant astrocytoma, 

whereas all IDH-wildtype grade IV tumors with EGFR amplification, +7/-10, or TERT promoter 

mutation are now considered GBM (Louis et al., 2021). This introduction and subsequent chapters 

will largely focus on exploring the biology and therapeutically-targeting IDH-wildtype GBM. 

1.1.2 Standard of care and approved therapies 

In the clinic, GBM patients initially present with non-specific neurological symptoms stemming 

from raised intracranial pressure due to tumor formation and include general symptoms (e.g. 

headache, fatigue, nausea, etc.), motor and sensory symptoms (e.g. ataxia, speech deficit, visual 

impairment, etc.), otoneurological symptoms (e.g. dizziness, vertigo), and neuropsychological 

symptoms (e.g. depression, anxiety, cognitive impairment, etc.) (Lyratzopoulos et al., 2013; 

Walter et al., 2019).  

 

Following a magnetic resonance imaging (MRI) or computerized tomography (CT) scan 

suggestive of a high grade glioma, patients undergo maximum safe resection of the tumor (Weller 

et al., 2021). Following a GBM diagnosis, patients under 70 years of age with a Karnofsky 

performance status ≥70 undergo SoC that includes daily fractionated radiation therapy with 

concurrent TMZ over six weeks, and additional cycles of adjuvant TMZ for up to six months 

(2021; Lapointe et al., 2018; Stupp et al., 2005; Weller et al., 2021). In addition to SoC, two 

therapeutics have received approval from the Food and Drug Administration, including (1) an anti-

vascular endothelial growth factor (VEGF) monoclonal antibody bevacizumab, and (2) tumor-
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treating fields that target proliferating tumor cells. However, these therapies have yet to be 

incorporated into SoC for GBM patients. 

1. Maximal safe surgical resection 

The preferred initial intervention is maximal safe surgical resection of the gadolinium-

enhancing tumor and is aimed to reduce gross tumor volume (cytoreduction) and tumor-

mediated immune suppression, provide diseased tissue for pathology, relieve neurological 

symptoms and intracranial pressure, and increase efficacy of subsequent 

chemoradiotherapy (Brown et al., 2016b; Lacroix et al., 2001; Sanai et al., 2011). 

Considering the highly invasive nature of GBM, supratotal resection of the tumor is an 

emerging approach that includes the T1 gadolinium-enhanced region and the FLAIR (fluid-

attenuated inversion recovery) abnormal region to increase tumor cytoreduction, 

prolonging GBM patient median survival to 18.5 months compared to 14 months for 

conventional gross total resection (Eyupoglu et al., 2016; Li et al., 2016; Pessina et al., 

2017). Building on this approach, a retrospective study by Roh et al. (2019) presented a 

greater significant survival benefit for GBM patients that underwent a lobectomy to safely 

remove tumor-containing nondominant frontal or temporal lobes (PFS: 30.7 months), 

compared to conventional gross total resection (PFS: 11.5 months). These advances in 

surgical resection, including the use of tumor visualization agents such as 5-ALA 

(Schupper et al., 2021), continue to increase the extent of safe maximal tumor resection 

and directly correlate with improved patient survival and a better quality of life.  

2. Radiation therapy (RT) 

Following surgical resection and a GBM diagnosis, the gold standard SoC protocol 

recommends daily fractionated radiation therapy with a dosage of 60 Gy over 30 fractions 
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for six weeks with concurrent TMZ (Cabrera et al., 2016). Next to surgical resection, 

radiation therapy continues to increase overall survival in the vast majority of GBM 

patients and has been a cornerstone of GBM therapy for ~50 years (Sheline, 1977; Walker 

et al., 1979).    

3. Temozolomide (TMZ) 

TMZ is a DNA alkylating agent that is administered concurrently with radiation therapy 

(75 mg/m2) followed by 6-12 cycles of adjuvant TMZ (150-200 mg/m2). Addition of TMZ 

to radiation therapy improved median GBM patient survival by approximately 2.5 months 

(Stupp et al., 2005). At the molecular level, TMZ is a prodrug that belongs to a class of 

bicyclic aromatic heterocycles called imidazotetrazines. Under neutral or alkaline 

conditions, the hydrolytic ring opens and yields the open chain trizene MTIC as the first 

significant intermediate. This activated intermediate further separates to liberate AIC and 

methyl diazonium ions. These methyl diazonium ions elicit the pharmacological activity 

of TMZ by methylating nucleophilic sites on DNA, predominantly methylating N3 and N7 

nucleophilic sites on adenine (10-20%) and guanine (60-80%), respectively. However, 

these methylation sites are efficiently repaired by base excision repair. Aside from sites of 

major activity, TMZ methylates the O6 site on guanine (10%; O6-meG) which leads to a 

wobble base mispairing of O6-meG with thymine. Although the DNA mismatch repair 

pathway recognizes this defect and replaces the mismatched thymine, this cyclical process 

eventually leads to thymine depletion, genomic instability, long-lived double strand DNA 

breaks and eventual apoptosis (Danson and Middleton, 2001; Moody and Wheelhouse, 

2014). Unfortunately, O6-meG is actively removed by O6-methylguanine-DNA 

methyltransferase (MGMT) , and consequently, a greater benefit of TMZ treatment on 
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patient survival is seen with a methylated MGMT promoter (48.5% of all patients) (Hegi 

et al., 2005; Parsons et al., 2008). TMZ treatment remains as part of SoC for all eligible 

GBM patients irrespective of MGMT promoter methylation status; however, removal of 

TMZ therapy for patients with an unmethylated MGMT promoter (>50%) may allow for 

addition of other therapeutic agents and avoidance of TMZ-induced hypermutation 

(Alexander et al., 2018; Hegi et al., 2005; Stupp et al., 2009).  

1.2 Molecular characterization and classification of GBM 

1.2.1 Molecular landscape of GBM 

Although GBM has a lower tumor mutational burden than other solid tumors (Alexandrov et al., 

2013), the molecular landscape of GBM exhibits a wide variety of genetic, epigenetic and 

transcriptomic events that contribute to intra- and inter-tumoral heterogeneity. Chromosomal 

changes commonly observed in GBM include amplification of chromosomes 4 (PDGFRA), 7 

(EGFR/MET/CDK6), 12 (CDK4/MDM2), and deletion of chromosome 10 (PTEN) (Brennan et al., 

2013). At a gene level, frequent mutations include TP53 (34.4%), EGFR (32.6%), PTEN (32%), 

NF1 (13.7%), PIK3CA (11.7%), PIK3R1 (11.7%), RB1 (9.3%), SPTA1 (9%), ATRX (6%), IDH1 

(5.2%), KEL (5%), PDGFRA  (4.5%) and GABRA6 (4%) (Brennan et al., 2013; Cancer Genome 

Atlas Research, 2008; Parsons et al., 2008; Verhaak et al., 2010).  

 

In addition to genomic aberrations, changes at the epigenetic level, including DNA methylation, 

correlate with tumor biology and patient survival (Etcheverry et al., 2010; Hegi et al., 2005; 

Romani et al., 2018). Frequently methylated genes include GATA6 (68.4%), CASP8 (56.8%), 

MGMT (48.5%), CD81 (46.1%) and DR4 (41.3%) (Brennan et al., 2013; Parsons et al., 2008; 

Skiriute et al., 2012). Of these, one of the most clinically-relevant change is correlation of a 
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methylated MGMT gene promoter with greater TMZ efficacy and longer overall patient survival 

(Hegi et al., 2005). Genome-wide analysis of DNA methylation separated tumors into distinct 

subtypes (M1 – M4, G-CIMP and M6), with the G-CIMP phenotype correlating with the proneural 

transcriptomic subtype (described in section 1.2.2), a survival advantage, MGMT promoter 

methylation, and IDH mutation (Brennan et al., 2013).  

1.2.2 Subtyping GBM via bulk tumor transcriptomics 

A collection of groups have utilized gene expression profiles to classify GBM tumors into subtypes 

using microarray technology (Nutt et al., 2003; Phillips et al., 2006; Rickman et al., 2001), 

followed by next-generation sequencing (Park et al., 2019; Parsons et al., 2008; Verhaak et al., 

2010), and further delineated using single-cell sequencing technology (Neftel et al., 2019; Patel et 

al., 2014). Here, we will discuss four major transcriptomic subtypes introduced by the Cancer 

Genome Atlas (TCGA) in Verhaak et al. (2010), namely proneural, neural, classical and 

mesenchymal. Further insights into GBM subtyping and heterogeneity are summarized in section 

1.3.1. 

 

The proneural subtype of GBM is characterized by expression of PDGFRA, OLIG2, DDL3, SOX2 

and NKX2-2, with identifying mutations in TP53, PI3K, IDH1 and PDGFRA. Notably, proneural 

GBM with IDH mutations, largely stemming from lower grade IDH-mutant gliomas, may be 

reclassified as grade IV IDH-mutant astrocytoma given the recent tumor reclassification by the 

WHO (Louis et al., 2021). Compared to other subtypes, patients with predominantly proneural 

GBM tumors tend to be younger and may have better survival rates, with a median overall survival 

of 17.0 months (Verhaak et al., 2010). However, these differences do not correlate with a 
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significant difference in sensitivity to SoC chemotherapy or radiation therapy (Colman et al., 

2010).  

 

The neural subtype of GBM is characterized by expression of MBP/MAL, NEFL, SLC12A5, SYT1, 

and GABRA1. Unlike the other three subtypes, neural GBM tumors are not associated with a 

distinct mutation signature and tend to be more sensitive to SoC chemotherapy and radiation 

therapy as compared to other subtypes. However, subsequent analyses revealed that this subtype 

predominantly represents non-tumor brain cells in the tumor microenvironment and is no longer 

used for subtyping (Verhaak et al., 2010; Wang et al., 2017).  

 

The classical subtype of GBM is characterized by expression of EGFR, AKT2, SMO, GAS1, GLI2, 

NOTCH3, JAG1, and LFNG, with identifying mutations in PTEN, CHKN2, and PDGFRA. In 

addition, classical GBM tumors are accompanied by +7/-10, inactivation of the retinoblastoma-

associated protein (RB) pathway, and homozygous focal deletion of 9p21.3. In addition to these 

gene-level aberrations, classical GBM tumors are driven by fundamental neurodevelopment 

pathways such as Sonic hedgehog pathways (SMO, GLI2, GAS1), Notch signaling pathways 

(NOTCH3, JAG1, LFNG), and enrichment of neural precursor and stem cell marker Nestin (NES) 

(Colman et al., 2010; Verhaak et al., 2010). Unlike other subtypes, patients with classical GBM 

tumors respond favourably to aggressive SoC radiation therapy and chemotherapy (Verhaak et al., 

2010). 

 

Considered the most aggressive subtype, mesenchymal GBM tumors are characterized by 

widespread tumor necrosis, a relatively inflamed microenvironment, and angiogenesis. This 
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subtype is identified by expression of YKL40, MET, CD44, MERTYK, TRADD, RELB, and 

TNFRSF1A, with frequent mutations in NF-KB and NF1. Mesenchymal GBM tumors are also 

accompanied by +7/-10, frequent deletion of tumor suppressor genes TP53 and PTEN, and respond 

objectively to aggressive SoC radiation therapy and chemotherapy. Despite a favourable response, 

predominantly mesenchymal GBM tumors are associated with the worst prognosis among other 

subtypes (Colman et al., 2010).  

 

Interestingly and unlike subtyping efforts in other solid tumors (e.g. medulloblastoma, breast 

cancer), transcriptomic-based subtyping of GBM tumors does not lead to predictable prognostic 

differences or customized treatment regimens. However, some partial associations were noted in 

a study by Cho et al. (2019). In this study, prognosis-led subtyping based on gene expression 

identified three functional subtypes: poor, intermediate, and favorable. The ‘poor’ prognosis subset 

of GBM patients displayed highly invasive tumors, as compared to a relatively ‘favorable’ subset 

with a mitotic signature and focal tumors. Predictably, the ‘invasive’ subtype overlapped with the 

mesenchymal and classical subtypes, whereas the ‘favorable’ subtype was largely comprised of 

neural and proneural tumors that responded well to TMZ treatment. Inconsistency of the 

relationship between tumor subtyping and patient prognosis is explained by the heterogeneous 

presence of tumor cells of multiple subtypes in a single tumor, as first introduced by Patel et al. 

(2014) and confirmed later by multiple groups (Couturier et al., 2020; Darmanis et al., 2017; Jacob 

et al., 2020; Neftel et al., 2019; Patel et al., 2014; Yu et al., 2020).  

 

Since the adaptation of TCGA subtypes in GBM research, a recent single cell RNA sequencing 

(scRNA-seq) study by Neftel et al. (2019) expanded on subtyping efforts by introducing meta-
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signatures to identify four plastic cellular states present across 28 GBM specimens: astrocyte-like 

(AC-like), mesenchymal-like (MES-like), oligodendrocyte progenitor-like (OPC-like), and neural 

progenitor-like (NPC-like). With the greatest fractions of cycling cells, NPC-like and OPC-like 

tumors correlated with CDK4 and PDGFRA amplification, respectively. AC-like tumors 

harboured EGFR amplification mutations whereas MES-like tumors were often associated with 

chromosome 5q deletion, NF1 alteration, immune infiltration and hypoxic regions (Neftel et al., 

2019). In comparison to TCGA subtypes (Verhaak et al., 2010), proneural tumors were 

predominantly composed of NPC-like and OPC-like tumor cells whereas neural tumors were 

largely composed of non-cancerous oligodrocytes, further supporting removal of the neural 

subtype as a tumor classification. In addition, classical tumors were composed of AC-like cells, 

and mesenchymal tumors were composed of infiltrating macrophages and MES-like cells. Despite 

the increased resolution of scRNA-seq, subtyping efforts stop short of informing patient prognosis 

due to intratumoral heterogeneity. 

1.3 Intratumoral heterogeneity and cancer stem cells 

1.3.1 Molecular heterogeneity in pre-treatment primary GBM 

As described by GBM’s previous name ‘glioblastoma multiforme’, tumor regions within a single 

specimen and across patients have revealed histological variations prior to molecular profiling 

(Burger and Green, 1987). More recently, Reinartz et al. (2017) showed that single cell-derived 

subclones of freshly-resection GBM specimens led to differential drug response, tumorigenicity 

and histological features upon xenotransplantation, and distinct genetic identities. Development of 

whole genome sequencing methods revealed heterogeneity among and within GBM specimens, 

including chromosome alterations (Nobusawa et al., 2010), somatic mutations (Kumar et al., 

2014), gene amplification (Snuderl et al., 2011), and extrachromosomal DNA (deCarvalho et al., 
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2018). Similar to other solid tumors, dysregulation of receptor tyrosine kinases (RTKs; e.g. EGFR, 

PDGFRA) and their downstream effectors (e.g. PI3K, PTEN) is ubiquitous in GBM (Brennan et 

al., 2013). Complementary studies by Snuderl et al. (2011) and Szerlip et al. (2012) revealed 

amplification of different RTKs in distinct cell subpopulations of GBM specimens, and 

functionally, poly-targeting of multiple RTKs (EGFR and PDGFRA) was necessary to inhibit 

downstream PI3K signaling and tumor growth. Additionally, variants of EGFR (EGFRvIII and 

other carboxy-terminal deletions) have been found to be subclonal events and present in mutually 

exclusive tumor cell populations (Francis et al., 2014). The recent discovery of extrachromosomal 

DNA in GBM highlighted its association with oncogene amplification and tumor growth, further 

confounded by its uneven inheritance between daughter cells (Kim et al., 2020). In fact, non-

coding epigenetic enhancer regions interact with extrachromosomal EGFR loci to upregulate 

expression and impact tumor cell fitness (Morton et al., 2019). Although numerous clinical studies 

have tried to inhibit GBM progression using RTK-targeting modalities (Hegi et al., 2011; Weller 

et al., 2017), these approaches have yet to significantly impact patient survival due to limited 

penetration of agents across the blood brain barrier (BBB), tumor heterogeneity, and stochastic 

tumor evolution. 

 

Following the introduction of molecular GBM subtypes by the TCGA (Verhaak et al., 2010), 

presence of multiple subtypes was shown in a single tumor. By analyzing distinct tumor regions 

from 11 patients with GBM, Sottoriva et al. (2013) found that regions from the same patient tumor 

specimen classify into distinct GBM subtypes, harbour different driver gene aberrations and copy 

number alterations. Using phylogenetic reconstruction of tumor fragments, this study also 

proposed that loss of CDKN2A/B and amplification of CDK6, EGFR and MET are early events in 
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tumor formation and are followed by later-stage alterations in PDGFRA, PTEN and TP53 

(Sottoriva et al., 2013). A study by Patel et al. (2014) was the first to capture tumor cells belonging 

to all TCGA subtypes (neural, proneural, classical and mesenchymal) within a single GBM using 

scRNA-seq. In addition, further analyses by Patel et al. (2014) explained contaminant normal brain 

cells as the source of neural GBMs, revealed ‘hybrid’ transcriptomic states in which a single tumor 

cell exhibited transcriptomic characteristics of more than one TCGA subtype, and posited that a 

greater amount of intratumoral heterogeneity (ITH) was associated with decreased patient survival. 

Not only do GBM patients harbour unique distributions of GBM subtypes within their tumor, but 

also harbour miscellaneous genomic aberrations such as patient-specific copy number variations 

(Couturier et al., 2020; Darmanis et al., 2017; Jacob et al., 2020; Neftel et al., 2019; Patel et al., 

2014; Yu et al., 2020). A study by Lee et al. (2017) sampled multi-sector tumor regions from GBM 

patients to reveal spatially-distinct and -shared driver genetic alterations, such as clonal mutations 

in PIK3CA that were shared by all tumor regions whereas alterations in PTEN and EGFR 

represented subclonal events exclusive to certain tumor regions. These findings were further 

supported by unbiased molecular profiling of anatomically-defined regions of GBM tumors by the 

Ivy Glioblastoma Atlas Project (Puchalski et al., 2018). Microdissection of anatomically-informed 

tumor regions (e.g. leading edge, infiltration tumor, cellular tumor, etc.) showed similarity across 

GBM patients but failed to associate regions with mutational signatures. At the functional level, 

studies by Meyer et al. (2015) and Reinartz et al. (2017) show that single-cell derived clonal 

subpopulations from GBM specimens respond differentially to small molecule inhibitors and cells 

resistant to SoC may pre-exist in primary de novo GBM. These studies posit that pre-existing 

subclonal or therapy-driven events may drive treatment resistance and subsequent tumor 

recurrence in GBM. 
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1.3.2 Molecular heterogeneity at tumor recurrence 

Exposure to pressures of stochastic tumor-intrinsic events, the tumor microenvironment and SoC 

likely leads to positive selection of resistant tumor subpopulations during GBM progression. A 

study by Johnson et al. (2014) conducted exome sequencing of 23 initial and patient-matched 

recurrent low-grade IDH-mutant gliomas. In 43% of all cases, greater than 50% of mutations seen 

in the primary tumors were lost at tumor recurrence, and in 6 of 10 patients treated with SoC 

chemotherapy agent TMZ, recurrent tumors were hypermutated and characterized by a TMZ-

induced mutation signature. In a recent study by the Glass consortium of initial and patient-

matched recurrent diffuse gliomas from 222 patients, of which 134 were IDH-wildtype, 70% of 

recurrent tumors harboured an increased mutational burden at recurrence (Barthel et al., 2019). 

Similar to changes at recurrence seen in lower grade gliomas, whole-genome and multisector 

exome sequencing of patient-matched pre- and post-SoC GBM specimens revealed that few 

recurrent tumors harboured TP53 driver mutations seen in their predecessors, whilst the vast 

majority of recurrent tumors exhibited subclonal divergent events undetected in the primary tumor 

(Kim et al., 2015a). In fact, another study by Wang et al. (2016) showed that 66% of post-SoC 

recurrent tumors undergo a change in their dominant TCGA GBM subtype compared to their 

patient-matched primary tumor. Characterization of post-SoC tumor recurrences showed that, in 

contrast to locally adjacent tumors, geographically separated mutifocal tumors are driven by 

subclonal events and are genetically distinct from their primary predecessor (Lee et al., 2017). 

These studies and others (Favero et al., 2015; Korber et al., 2019; Mazor et al., 2015) continue to 

support large scale shifts in the genomic and transcriptomic landscape of GBM at recurrence, with 

SoC and additional unrealized pressures increasing entropy of this deadly disease over time.  
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1.3.3 The cancer stem cell hypothesis in GBM 

At the cellular level, ITH can be explained by the existence of multiple cellular subpopulations of 

cancer cells that have acquired stem cell properties, variably labeled in the literature as brain tumor 

initiating cells (BTICs) or glioblastoma initiating cells (GICs) (Clarke and Fuller, 2006; Dalerba 

et al., 2007; Singh et al., 2003; Singh et al., 2004). Since cell surface markers allow sorting of bulk 

GBM into cellular subpopulations, much research has focused on the application of proteins such 

as CD133 (Singh et al., 2003; Singh et al., 2004), CD15 (Son et al., 2009), integrin alpha 6 (Lathia 

et al., 2010), and L1CAM (Bao et al., 2008) to define functional BTIC subgroups. In addition, 

intracellular proteins such as RNA binding protein MSI1 (Kaneko et al., 2000), transcription 

factors SOX2 (Graham et al., 2003), OCT4 (Suva et al., 2014) and FOXG1 (Manoranjan et al., 

2013), and polycomb repressor BMI1 (Abdouh et al., 2009; Venugopal et al., 2012) that have a 

characterized functional role in driving normal neural stem cell (NSC) self-renewal, have also been 

investigated as putative BTIC markers. Although data suggests that GBM BTICs are chemo- 

(Beier et al., 2011) and radioresistant (Bao et al., 2006), no study has prospectively identified 

whether such BTICs are causal of tumor relapse, and which targetable genes and pathways within 

these treatment-resistant BTIC populations drive tumor recurrence. 

1.4 Modulating the GBM tumor immune microenvironment (TIME) 

1.4.1 Emerging therapeutics to modulate the tumor immune microenvironment 

A major contributor to treatment failure is intra-tumoral heterogeneity that gives rise to tumor cell 

populations distinct at the genomic, transcriptomic, proteomic and functional levels (Kim et al., 

2015b; Meyer et al., 2015; Neftel et al., 2019; Patel et al., 2014; Wang et al., 2016). In addition to 

SoC, two therapeutics have received approval from the Food and Drug Administration, including 

(1) an anti-vascular endothelial growth factor (VEGF) monoclonal antibody bevacizumab, and (2) 
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tumor-treating fields that target proliferating tumor cells. However, these therapies have yet to be 

incorporated into SoC for GBM patients. Emerging therapeutics for GBM have shifted towards 

reconfiguring the patient’s immune system to generate an anti-tumor response.   

1.4.2 Vaccines 

Cancer vaccines function by exposing tumor-associated antigens to antigen-presenting cells 

(APCs) which activate immune effector cells to achieve an anti-cancer immune response. Several 

promising vaccines targeting both single and multiple antigens have shown varying degrees of 

clinical promise, however, vaccines for GBM have yet to translate to SoC. While GBM-specific 

targets are sparse, several have been identified that are expressed on the cell surface. Perhaps the 

most explored to date, EGFR variant III (EGFRvIII) is a mutant receptor specific to GBM which 

has been targeted extensively through a variety of immunotherapeutic efforts including 

vaccination. Similarly, the cytomegalovirus (CMV) tegument phosphoprotein 65 (pp65) and 

IDH1(R132H)-mutant peptides are frequently and specifically expressed in GBM, in contrast to 

healthy brain (Bleeker et al., 2009; Mitchell et al., 2008). Vaccinations targeting these proteins 

have shown efficacy in clinical trials and often elicit strong responses, however, no targets 

identified to date are expressed on all GBM cells, allowing clonally driven recurrence to evade 

such treatments. In contrast, multi-targeted vaccines mediating the presentation of multiple tumor-

associated antigens better address the heterogeneity of the tumor by reducing the population of 

cells not expressing a target and thus reducing clonally driven resistance, however, these 

treatments have shown little success.  

 

Antigen presentation and the following activation and regulation of effector cells is another 

important process in achieving an effective immune response, which involves several proteins 
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such as those mediating suppression of T cells, macrophages, and other tumor infiltrating 

lymphocytes. Current efforts acting on this front, such as antibodies against these suppressors, 

have shown preclinical promise but have fallen short in clinical trials. Additionally, success seems 

to vary greatly upon combination of these inhibitors, underlining the importance of understanding 

and enhancing synergistic interactions between treatments.  

1.4.3 Immune checkpoint inhibitors 

A complex system of stimulatory and inhibitory regulators functions to maintain immune 

homeostasis. An important part of this system is immune checkpoints, which regulate activation 

to avoid autoimmunity. Upon activation or exhaustion, several immune cells upregulate these 

inhibitory checkpoints thus suppressing the immune response. Cancer cells express immune 

checkpoint proteins as well, allowing them to suppress the anti-cancer response. As a result, 

antibodies against these checkpoints known as immune checkpoint inhibitors (ICI) have been 

developed and have shown success in several cancers such as melanoma and non-small-cell lung 

cancer (Vaddepally et al., 2020), and several are underway for GBM (Table 2). Of these antibodies, 

the most advanced group are those blocking programmed cell death protein 1 (PD-1) and cytotoxic 

T lymphocyte antigen 4 (CTLA-4), which are expressed on T cells and prevent T cell stimulation 

and killing of glioma cells (Contardi et al., 2005; Davidson et al., 2019).  

1.4.4 Chimeric antigen receptor T (CAR-T) cells 

Chimeric antigen receptor (CAR) T cells represent an efficacious form of adoptive T cell therapy, 

in which peripheral T cells are genetically engineered to express a fusion receptor protein (i.e. 

CAR) that recognizes and targets a tumor-specific or -enriched antigen. Rapid and rational 

evolution of receptor design has transformed a first-generation CAR – composed of a ligand-

binding domain, extracellular spacer, transmembrane domain and an intracellular signaling 
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domain – that suffered from limited signaling strength to highly efficacious second- and third-

generation CARs that incorporate one or more intracellular co-stimulatory domains, respectively, 

to initialize and sustain T cell signaling (Finney et al., 2004; Finney et al., 1998; Imai et al., 2004; 

Sadelain et al., 2013). Irrespective of design principles, an antigen-bound CAR T cell activates a 

potent cytokine release and cytolytic degranulation response that kills antigen-expressing tumor 

cells and results in T cell proliferation (Hombach et al., 2001). CAR T cell therapy has been highly 

effective against hematological malignancies, achieving remission rates of up to 90% in patients 

with relapsed or refractory B cell malignancies with anti-CD19 CAR T cells (Maude et al., 2014). 

However, widespread clinical responses of CAR T cells have yet to be seen for solid tumors, 

including GBM.  

 

Unlike hematological malignancies, CAR T cell therapy design and administration require unique 

considerations in the context of GBM, including factors such as intratumoral antigen 

heterogeneity, bypassing the blood-brain barrier (BBB) and exerting a potent anti-tumor response 

in a highly immunosuppressive microenvironment (Bagley et al., 2018). Two schools of thought 

have guided delivery of CAR T cell therapy to the brain thus far, one which supports systemic 

intravenous administration, and the other prefers intracavitary or intraventricular dosing to bypass 

the BBB. Supported by reports of a dysregulated BBB in GBM patients (Sarkaria et al., 2018; 

Watkins et al., 2014), investigators evaluating CAR T cell therapies targeting EGFRvIII and HER2 

preferred intravenous delivery of their modality (Ahmed et al., 2010; O'Rourke et al., 2017). 

Although no dose-limiting toxicities were observed for either modality when delivered 

intravenously, three grade 2-4 adverse events were possibly associated with HER2 CAR T cell 

therapy, including headache (n = 1) and seizure (n = 2). In contrast, intracavitary (or intratumoral) 
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delivery of CAR T cells is not functionally restricted by the BBB. Using a reporter gene system, 

preliminary clinical evidence supports trafficking of intracerebrally-administered anti-IL13Rɑ2 

CAR T cells to the tumor region using [18F]FHBG PET-based imaging (Keu et al., 2017). 

Intracavitary treatment of GBM patients with anti-IL13Rɑ2 CAR T cells resulted in no dose-

limiting toxicities (Brown et al., 2016a; Brown et al., 2015). However, similar to intravenous 

delivery of anti-EGFRvIII CAR T cells, two grade 3 adverse events were associated with the 

treatment, including headache (n = 1) and a neurologic event (n = 1). Unfortunately, an empirical 

and clinical comparison among CAR T cell delivery routes has yet to be performed for GBM. To 

varying extents, clinical studies have evaluated CAR T cells for GBM targeting interleukin-13 

receptor subunit alpha-2 (IL13Rɑ2), human epidermal growth factor receptor 2 (HER2) and 

EGFRvIII, with follow-up studies targeting IL13Rɑ2 and HER2 underway. In addition, 

investigators have initiated clinical studies to evaluate CAR T cells targeting matrix 

metallopeptidase 2 (MMP2), B7 family member B7-H3, CD147 and NKG2-D type II integral 

membrane protein (NKG2D).  

1.5 Understanding and therapeutically-targeting recurrent GBM 

Although genetic and transcriptomic characterizations have provided static depictions of GSCs, 

targeting candidate driver pathways has yet to impact clinical outcome, likely because of dynamic 

evolution of GSCs and generation of their divergent progeny through therapy to recurrence. With 

the advent of CRISPR-Cas9 technology, efficacious and unbiased genome-wide functional 

genomic screens have provided insights into genes and pathways regulating tumor cell survival, 

invasion, and sensitivity to TMZ in primary tumor cells (Huang et al., 2019; MacLeod et al., 2019; 

Prolo et al., 2019; Toledo et al., 2015). In fact, not only does the genomic landscape at disease 

recurrence differ markedly from that of the primary tumor, these treatment-resistant cells continue 
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to deviate further by gathering additional mutations and adopting phenotypes that promote tumor 

proliferation (Favero et al., 2015; Johnson et al., 2014; Kim et al., 2015a; Kim et al., 2015b; Korber 

et al., 2019). This results in longitudinal heterogeneity of established therapeutic targets (e.g. 

PDGFR-β, FGFR-2, EGFR, etc.), wherein patient-matched primary and recurrent tumor 

specimens show significant expression changes for 90% of investigated targets (Schafer et al., 

2019). Fundamental mechanisms of resistance to DNA-targeting agents may underlie treatment 

resistance in tumor cells, including enhanced DNA repair and drug efflux capacity, epigenetic 

modifications, and de-differentiation into a stem cell-like state. However, a comprehensive set of 

modulators governing treatment resistance and disease recurrence has yet to be determined in any 

cancer (Banelli et al., 2015; Bao et al., 2006; Lee et al., 2016; Lee et al., 2015).  

 

Emerging therapeutics for GBM have shifted towards reconfiguring the patient’s immune system 

to generate an anti-tumor response. However, immunotherapy has yet to significantly improve 

clinical outcomes for GBM patients and clinical studies have been disappointing thus far. Among 

the major hurdles to clinical efficacy are immense ITH (Neftel et al., 2019; Patel et al., 2014), 

parallel modes of immunosuppression by tumor cells (Jackson et al., 2019), and low mutational 

burden in GBM (Hodges et al., 2017). With these factors in mind, investigators and clinicians are 

shifting their focus to combinatorial treatment strategies to achieve synergistic effects, reduce 

treatment resistance and overcome immunosuppression.  

 

Although CAR T cell therapy is a newer adaptation for GBM treatment, advancements to increase 

its clinical utility are rapidly progressing. While current trials are focused on targeting single 

tumor-associated antigens, this increased repertoire of targets will allow multiple antigens to be 
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targeted concurrently to overcome intertumoral heterogeneity as shown by Bielamowicz et al. 

(2018), who developed trivalent CAR T cells targeting HER2, IL13Rɑ2 and EphA2. In fact, these 

trivalent CAR T cells were able to eradicate nearly 100% of tumor cells from multiple GBM 

samples. Emerging trends towards rational combinatorial therapies are likely to include a systemic 

reignition of the tumor immune microenvironment. The continued discovery of novel tumor-

associated and tumor-specific antigens, paired with the improvement of therapeutic modalities to 

increase efficacy and reduce toxicity, are necessary for the clinical efficacy of immunotherapies. 

Overall, a combinatorial therapy delivered at various stages throughout SoC may reliably improve 

clinical outcomes in GBM patients.  

1.6 Summary of Intent 

Glioblastoma (GBM) remains the most aggressive and prevalent malignant primary brain tumor 

in adults (Ostrom et al., 2016). Unchanged since 2005, standard of care (SoC) consists of surgical 

resection, followed by radiation therapy (RT) with concurrent and adjuvant chemotherapy with 

temozolomide (TMZ) (Lapointe et al., 2018; Stupp et al., 2005). Despite these therapeutic efforts, 

patients succumb to recurrent disease with a median overall survival of 14.6 months and a five-

year survival rate of 5.5-6.8% (Ostrom et al., 2016; Stupp et al., 2009; Stupp et al., 2005).   

Therapeutic failure is largely explained by ITH and the presence of treatment-resistant GBM stem-

like cells (GSCs) (Bao et al., 2006; Kim et al., 2015b; Neftel et al., 2019; Patel et al., 2014; Singh 

et al., 2004; Wang et al., 2016). GSCs initiate tumor formation, self-renew and differentiate to 

perpetuate intra-tumoral heterogeneity and, thus, drive resistance to multimodal therapies and seed 

disease recurrence (Chen et al., 2012; Lee et al., 2006; Li et al., 2009; Singh et al., 2004). However, 

research to identify functional genetic drivers of tumor relapse and the use this information to 

inform therapeutic development for GBM is rare. Given the lack of understanding of recurrent 
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GBM and absence of second line therapies patients, I hypothesize that genome-scale functional 

genetic interrogation will unravel recurrent GBM-specific tumor biology and inform 

development of novel therapeutics.  

 

The aims of this thesis were to: 

Aim 1: To adapt genome-scale CRISPR-Cas9 screening to patient-derived GBM models. 

Aim 2: To identify functional genetic vulnerabilities enriched in recurrent GBM. 

Aim 3: To develop and evaluate novel therapeutic strategies to inhibit recurrent GBM. 

 

To achieve these aims, I first adapted genome-scale CRISPR-Cas9 gene knockout screening to 

patient-derived primary and recurrent GBM stem-like models (Chapter 2). By using patient-

matched primary and recurrent GBM models, I compared these tumor cells at the genetic, 

transcriptomic, proteomic and functional genetic levels. These analyses map a multilayered genetic 

response to drive tumor recurrence, identifying protein tyrosine phosphatase 4A2 (PTP4A2) as a 

novel modulator of self-renewal, proliferation and tumorigenicity at GBM recurrence. 

Mechanistically, genetic perturbation and a small molecule inhibitor of PTP4A2 repress axon 

guidance activity through a dephosphorylation axis with roundabout guidance receptor 1 (ROBO1) 

and exploit a genetic dependency on ROBO signaling. Importantly, engineered anti-ROBO1 

single-domain antibodies also mimic the effects of PTP4A2 inhibition. These findings provide a 

template for studying recurrence and support development of therapeutic regimens that are 

informed by therapy-driven or longitudinal shifts in the functional genomic landscape of recurrent 

tumors. 
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Given the genetic dependency on ROBO signaling and enrichment of ROBO1 expression in GBM 

tissues, I undertook a campaign to evaluate ROBO1 as a therapeutic target in recurrent GBM and 

develop anti-ROBO1 chimeric antigen receptor T (CAR-T) cells using camelid single-domain 

antibodies targeting human ROBO1 (Chapter 3). I optimized the design of anti-ROBO1 CAR-T 

cells and tested the anti-tumor activity of these modalities in in vitro using patient-derived 

recurrent GBM lines and orthotopic patient-derived xenograft models. I present data to expand the 

repertoire of GBM-enriched antigens suitable for effective CAR-T cell therapy. 

 

To further contextualize my campaigns to evaluate small molecule and CAR-T therapies for 

recurrent GBM, I  published a summary of clinical findings and highlighted promising pre-clinical 

studies of three major immunotherapeutic modalities in GBM: vaccines, antibodies, and chimeric 

antigen receptor (CAR) T cells (Chapter 4). Given that resistance to SoC and disease relapse are 

inevitable for GBM patients, pre-clinical and clinical advancement of immunotherapeutic 

modalities, combined with recent insights into the tumor immune microenvironment, are poised 

to improve clinical outcomes for this patient population. 

 

Together, I present a deep dive into how the tumor biology at GBM recurrence differs from its 

primary predecessor. These novel insights validated that treatment-resistant GBM continues to 

deviate further by gathering additional mutations and adopting phenotypes that promote tumor 

proliferation. Using these data, I was able to propose and evaluate two novel therapeutic 

approaches to target recurrent GBM. 
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Chapter 2: Widespread functional remodeling at glioblastoma recurrence 

Preamble 

In this chapter, I first present an original manuscript describing functional genetic insights into 

disease recurrence in glioblastoma using genome-scale CRISPR-Cas9 screening: 

Chokshi, C. R., Tieu, D., Brown, K. R., Venugopal, C., Liu, L., Kuhlmann, L., Rossotti, 

M.A., Chan, K., Tong, A. H. Y., Savage, N., McKenna, D., Aghaei, N., Subapanditha, M., 

Shaikh, V.M., Tatari, N., Brakel, B., Nachmani, O., Ignatchenko, V., Salamoun, J. M., 

Wipf, P., Sharlow, E. R., Provias, J. P., Lu, J. Q., Murty, N. K., Lazo, J. S., Kislinger, T., 

Henry, K. A., Lu, Y., Moffat, J., & Singh, S. K. Functional mapping reveals widespread 

remodelling in recurrent glioblastoma. (manuscript in preparation) 

Author contributions are as follows for the aforementioned manuscript: Conceptualization: S.K.S, 

J.M, C.R.C and D.T; Resources: J.P.P, J.L, N.K.M, and S.K.S; Methodology, investigation and 

validation: C.R.C, D.T, L.L, L.K, M.A.R, K.C, A.H.Y.T, N.S, D.M, N.A and M.S; Software and 

formal analysis: C.R.C, D.T, S.K.S, J.M, K.R.B, C.V, O.N, V.I; Visualization: C.R.C, K.R.B, and 

K.A.H. Writing – original draft preparation: C.R.C; Writing – review and editing: C.R.C, K.R.B, 

J.M, and S.K.S with input from other authors; Project administration and supervision: S.K.S and 

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

 

Next, I present data summarizing our findings from genome-wide CRISPR-Cas9 screens in 

primary GBM treated with standard of care (SoC) radiation therapy and chemotherapy. These data 

are unrelated to any current manuscript.  
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Together, we explore the functional drivers of post-treatment recurrent GBM. By conducting 

genome-wide CRISPR-Cas9 screens in patient-derived GBM models, we uncover distinct genetic 

dependencies in recurrent tumor cells that were absent in their patient-matched primary 

predecessors, accompanied by increased mutational burden and differential transcript and protein 

expression. These analyses map a multilayered genetic response to resist chemoradiotherapy and 

drive tumor recurrence, identifying protein tyrosine phosphatase 4A2 (PTP4A2) as a novel driver 

of self-renewal, proliferation and tumorigenicity at GBM recurrence. Mechanistically, genetic 

perturbation and a small molecule inhibitor of PTP4A2 repress axon guidance activity through a 

dephosphorylation axis with roundabout guidance receptor 1 (ROBO1) and exploit a genetic 

dependency on ROBO signaling. Importantly, engineered anti-ROBO1 single-domain antibodies 

also mimic the effects of PTP4A2 inhibition. We conclude that functional reprogramming drives 

tumorigenicity and dependence on a PTP4A2-ROBO1 signaling axis at GBM recurrence. 
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Abstract 

Resistance to genotoxic therapies and tumor recurrence are hallmarks of glioblastoma (GBM), an 

aggressive brain tumor. Here, we explore the functional drivers of post-treatment recurrent GBM. 

By conducting genome-wide CRISPR-Cas9 screens in patient-derived GBM models, we uncover 

distinct genetic dependencies in recurrent tumor cells that were absent in their patient-matched 

primary predecessors, accompanied by increased mutational burden and differential transcript and 

protein expression. These analyses map a multilayered genetic response to drive tumor recurrence, 

identifying protein tyrosine phosphatase 4A2 (PTP4A2) as a novel modulator of self-renewal, 

proliferation and tumorigenicity at GBM recurrence. Mechanistically, genetic perturbation and a 

small molecule inhibitor of PTP4A2 repress axon guidance activity through a dephosphorylation 

axis with roundabout guidance receptor 1 (ROBO1) and exploit a genetic dependency on ROBO 

signaling. Importantly, engineered anti-ROBO1 single-domain antibodies also mimic the effects 

of PTP4A2 inhibition. We conclude that functional reprogramming drives tumorigenicity and 

dependence on a PTP4A2-ROBO1 signaling axis at GBM recurrence. 
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Introduction 

 For decades, clinicians have administered radiation therapy and chemotherapy to treat 

cancer patients(DeVita, 1978). In parallel, resistance to these genotoxic treatments and tumor 

recurrence have become an inevitable reality for aggressive tumors. However, despite the clinical 

relevance and applications, functional drivers of disease recurrence remain poorly understood. 

Glioblastoma (GBM) remains the most aggressive and prevalent malignant primary brain tumor 

in adults(Ostrom et al., 2016). Unchanged since 2005, standard of care (SoC) consists of surgical 

resection, followed by radiation therapy (RT) plus concurrent and adjuvant chemotherapy with 

temozolomide (TMZ)(Lapointe et al., 2018; Stupp et al., 2005). Despite these therapeutic efforts, 

patients inevitably succumb to recurrent disease with a median overall survival of 14.6 months and 

a five-year survival rate of 5.5-6.8%(Ostrom et al., 2016; Stupp et al., 2009; Stupp et al., 2005). 

Unbiased genome-wide functional genomic screens have provided insights into genes and 

pathways regulating tumor cell survival, invasion, and sensitivity to TMZ in primary pre-treatment 

tumor cells(Huang et al., 2019; MacLeod et al., 2019; Prolo et al., 2019; Toledo et al., 2015). 

However, these studies do not examine changes at post-treatment tumor recurrence, and thus 

cannot explain treatment failure in ~70% of GBM patients(Norden et al., 2019). Here, we conduct 

a genome-scale comparison between patient-matched pre- and post-treatment GBM cells at the 

functional, transcriptomic, and proteomic levels. We uncover a therapeutic vulnerability for 

protein tyrosine phosphatase 4A2 (PTP4A2) at tumor recurrence, and introduce a modulatory role 

of PTP4A2 on axonal guidance members. 

Comparing primary and recurrent GBM 

 We derived a pair of patient-matched GBM cultures, one obtained at initial diagnosis prior 

to chemoradiotherapy (BT594, primary tumor cells), and a second specimen at first disease 
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recurrence post-therapy (BT972, recurrent tumor cells) (Figure 1A). Consistent with previous 

observations(Orzan et al., 2017; Qazi et al., 2016), recurrent tumor cells showed a 25-fold increase 

in in vitro self-renewal capacity (P = 5.0e-09) and a 5-fold decrease in survival of xenografted 

mice (n = 5, P = 0.002), as compared to patient-matched primary tumor cells (Figures 1B and 1C). 

To explain enhanced stemness and tumorigenicity, we began by profiling the genomic, 

transcriptomic and proteomic changes at recurrence. Of an average of 15,444 canonical genomic 

variants per model, 2,019 variants were predicted to have high impact on protein function (e.g. 

frameshift variants) or classified as deleterious to protein function, collectively henceforth referred 

to as mutations (Figures 1D and 1E). Strikingly, tumor cells presented with 1,599 de novo 

mutations at recurrence, accounting for 79% of all mutations, including coding mutations in 

MSH6, ARID1A, PTEN, TP53, EGFR and RB1. These driver mutations emerging at recurrence 

likely represent subclonal therapy-driven or stochastic events, as previously observed in 77% of 

subclones in recurrent GBM specimens(Korber et al., 2019). In comparison, 186 mutations were 

exclusive to primary tumor cells and 234 mutations were shared.  

Of genes mutated in >1% of tumor specimens representing 62 cancer types (MSK-

IMPACT dataset, n = 10,336)(Zehir et al., 2017), recurrent tumor cells presented with de novo 

mutations impacting TP53 activity (including TP53 and CREBBP), chromatin organization 

(including ARID1A, KMT2C and KMT2D), and PI3K/AKT signaling (including PTEN, EGFR, 

MTOR, TSC2, IRS2, RICTOR and FOXO1), among other processes. In keeping with the largest 

longitudinal analysis of GBM that showed transcriptional changes in 63% of GBM patients at 

recurrence(Wang et al., 2016), genomic events observed in recurrent tumor cells were 

accompanied by widespread differential expression at the transcript (n = 1,747 genes) and protein 

(n = 181 proteins) levels (|LFC| > 2, adjusted P < 0.05), most notably indicating a shift in subtype 
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from predominantly classical in primary tumor cells to a mesenchymal subtype at recurrence 

(Figure 1F). These data are consistent with the view that the root cause and result of therapy failure 

in GBM is an accumulation of driver mutations at recurrence that drastically reconfigure cellular 

processes and increase tumorigenicity. 

Functional remodelling at recurrence 

To understand how mutational patterns relate to functional dependencies, we conducted 

pooled, genome-wide CRISPR-Cas9 screens in patient-matched primary and recurrent GBM 

models using the TKOv3 library. After excluding core essential genes (CEGs)(Behan et al., 2019; 

Hart et al., 2017), 1,090 genes were specific to primary tumor cells, 995 genes specific to recurrent 

tumor cells and 1,172 were required in both cultures (FDR < 0.05). Given that ~2/3 of the 

detectable genetic dependencies are different between primary and recurrent models, we examined 

the extent to which in vitro treatment of primary tumor cells with SoC recapitulates dependencies 

observed at recurrence. To systematically identify genetic determinants of treatment resistance, 

we conducted CRISPR-Cas9 loss-of-function screens in treatment-naïve primary tumor cells 

treated with RT and/or TMZ. Applying the drugZ algorithm, we measured differential effects in 

recurrent tumor cells or drug-treated primary tumor cells (RT and/or TMZ) compared to untreated 

primary tumor cells (Table S4). Comparison of normalized Z scores, with and without filtering for 

significant genes (FDR < 0.05 in at least one screen), revealed weak to moderate positive 

correlation among recurrent tumor cells as compared to drug-treated primary tumor cells (Figure 

2A; R = 0.38–0.50). Therefore, treatment-specific conditional genetic interactions in drug-treated 

primary tumor cells do not completely recapitulate differential dependencies at recurrence. Rather, 

these data suggest that treatment-evasive tumor cells continue to acquire novel dependencies post-

treatment and into disease recurrence. 
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Focusing on functional differences at recurrence, we identified 406 genes that confer 

increased (n = 229) or decreased (n = 177) fitness upon knockout in recurrent tumor cells as 

compared to primary tumor cells (FDR < 0.5; Figure 2B). GO enrichment analysis of these fitness 

genes highlighted remodelling of cell cycle and signaling processes at recurrence (FDR < 0.026), 

including greater dependence on cyclin-dependent kinases (CDK2, CDK4, CCND1), loss of p53-

dependent DNA damage response (TP53), and increased reliance on the 26S proteasome 

(PSMD11, PSMD13) (Figure 2C).  In addition, while primary tumor cells show strong dependence 

on Fanconi Anemia pathway genes, this dependence is lost at recurrence (FDR < 0.002; FANCA, 

FANCB, FANCC, FANCD2, FANCF). Combined with p53 loss, this likely sets the stage for 

increased accumulation of genomic mutations in recurrent tumors.  Along with increased 

dependence on nucleotide metabolism and glycolysis, these findings are indicative of a shift 

towards a more proliferative state, with increased proteotoxic stress and loss of key DNA repair 

pathways in recurrent GBM.  

To identify additional genetic dependencies in recurrent GBM, we performed a CRISPR-

Cas9 knockout screen in a second patient-derived recurrent tumor model, BT241 (Figure S4A-

S4C). To identify genes functionally unique to recurrent tumor cells (FDR < 0.05 and Bayes Factor 

(BF) score > 5), we compared our screening results to the Cancer Dependency Map (DepMap) 

data (Behan et al., 2019; Dempster et al., 2019; Lenoir et al., 2018; Meyers et al., 2017), and further 

refined our list to genes that are highly expressed in GBM specimens compared to normal brain 

tissue (The Cancer Genome Atlas (TCGA) GBM dataset (Tang et al., 2017); adjusted P < 0.01). 

This prioritized a list of 13 candidate genes (Figure 3A), including the master stemness regulator 

SRY-Box transcription factor 2 (SOX2; FDR = 0) (Basu-Roy et al., 2015; Gangemi et al., 2009; 

Mao et al., 2015). The remaining genes are largely uninvestigated in GBM stemness and disease 
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recurrence, such as protein tyrosine phosphatase 4A2 (PTP4A2), metabolic reprogramming gene 

Karyopherin subunit alpha 2 (KPNA2) and mitochondrial gene oxidase (cytochrome C) assembly 

1-like (OXA1L). Examination of these genes across our CRISPR-Cas9 screening data and those 

from previous studies (MacLeod et al., 2019; Toledo et al., 2015), we find PTP4A2 (Pprimary = 0.016, 

PNSCs = 0.022), KPNA2 (Pprimary = 1.3e-06; PNSCs = 0.003), CCDC47 (Pprimary = 2e-06; PNSCs = 0.0049), 

DCAF13 (Pprimary = 5.1e-05; PNSCs = 0.013), NFIB (Pprimary = 0.0059; PNSCs = 0.0017) and SLC25A19 

(Pprimary = 0.03; PNSCs = 0.051) to be more functionally required in recurrent tumor cells relative to 

primary tumor cells or fetal neural stem cells (NSCs), respectively (pairwise unpaired T test). Of 

these genes, PTP4A2 has the greatest mRNA expression in GBM samples and shows substantial 

mRNA enrichment in tumor specimens compared to non-tumor tissue (adjusted P = 2.8e-30, 

genome-scale moderated contrast T-test; TCGA GBM dataset (Tang et al., 2017)). 

PTP4A2 vulnerability at recurrence 

PTP4A2 is a poorly characterized member of the 4A family of dual-specificity protein 

tyrosine phosphatases that dephosphorylate tyrosine, serine and threonine residues on target 

peptides (Bessette et al., 2008). Whereas invertebrates (i.e. C. elegans, D. melanogaster, S. 

purpuratus and B. floridae) express a single phosphatase encoded by PTP4A, all vertebrate species 

have three genes (PTP4A1, PTP4A2, PTP4A3) with more than 80% amino acid sequence similarity 

(Lin et al., 2013). Notably, Ptp4a2 knockout leads to defects in spermatogenesis and self-renewal 

of hematopoietic stem cells in mice (Dong et al., 2014; Kobayashi et al., 2014). 

In the context of gliomas, we observe that PTP4A2 expression correlates with tumor grade, 

and higher expression is also associated with poor overall patient survival (P < 0.0001). To support 

our genomic observations, we validated the effects of PTP4A2 perturbation in six patient-derived 

GBM models including 3 primary and 3 recurrent models. No detectable effects on cell 
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proliferation (PR) or secondary sphere formation (SF) (i.e. a measure of stemness) were seen in 

primary tumor cells following perturbation of PTP4A2 (Figures 3B and 3C; P > 0.05, unpaired T-

test). In contrast, significant effects were observed on PR or SF upon perturbation of PTP4A2 in 

recurrent tumor cells (P < 0.05, unpaired T-test). To further explore the effects of PTP4A2 

perturbation, we created an inducible PTP4A2 knockout construct using CRISPR-Cas9 and 

observed an increase in survival of immunocompromised mice engrafted orthotopically with 

recurrent tumor cells following treatment with the inducer doxycycline (Figure 3D; n = 8, P < 

0.0001). In order to determine if essential cellular processes at recurrence are modulated by 

PTP4A2 phosphatase activity, we engineered a potent chemical inhibitor of the 

phosphatase(McQueeney et al., 2018; Salamoun et al., 2016). In vitro treatment of cells with the 

pan-PTP4A phosphatase inhibitor JMS-053 was found to be lethal in recurrent tumor cells, while 

patient-matched primary tumor cells and unmatched fetal NSCs (NSC201) showed little effect 

over a wide range of drug concentrations (Figure 3E). In a preliminary study, intraperitoneal 

treatment with 10 mg/kg JMS-053 for 14 days led to increased median overall survival in an 

orthotopic patient-derived xenograft (PDX) model of recurrent GBM (P = 0.00059; Figure 3F). In 

addition, recent toxicity studies indicate that JMS-053 is well tolerated up to 40 mg/kg for three 

weeks (data not shown). 

PTP4A2 influences axon guidance 

 Given that small molecule inhibition of PTP4A2 phosphatase activity phenocopied genetic 

knockout, we examined the phosphorylation landscape to identify substrates that could be driving 

PTP4A2 dependence. Patient-matched primary and recurrent tumor cells were treated with JMS-

053 or control compound prior to phospho-proteomic profiling. Phospho-proteomic profiling 

identified 11,182 phospho-peptides belonging to 3,677 phospho-proteins, with short-term 
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enrichment of 508 phospho-peptides (5 min; 431 proteins) and long-term enrichment of 1,154 

phospho-peptides (30 min; 831 proteins) (treatment/control phospho-peptide intensity ratio > 1.5). 

Moreover, only ~20% of phospho-peptide and ~23% of phospho-protein enrichments were shared 

between primary and recurrent tumor cells following short-term treatment with JMS-053. GO term 

analysis of phospho-proteins enriched in recurrent tumor cells finds an over-abundance of proteins 

from the cell periphery (P = 0.01), whereas phospho-proteins elevated in primary tumor cells are 

enriched for the nuclear lumen (P = 0.03). Specifically, the greatest differential enrichment at 

recurrence was observed in the axon guidance member Roundabout Guidance Receptor 1 

(ROBO1) (Figure 4A; ROBO1 p-Ser1162 fold change = 1.8). Initially discovered for its role in 

axon pathfinding during neurodevelopment (Brose et al., 1999), ROBO1 mediates cell migration 

in glioma and is upregulated in tumor specimens (Mertsch et al., 2008), whereas its inhibitory 

ligand SLIT2 is often hypermethylated and down-regulated (Dallol et al., 2003). Correspondingly, 

GO term analysis annotated phospho-proteins enriched in short-term, pan-PTP4A inhibition in 

recurrent tumor cells to axon development (Figure 4B; FDR = 0.04). Given that neither PTP4A1 

nor PTP4A3 are essential for survival of recurrent tumor cells (PTP4A1 FDR = 0.213 and PTP4A3 

FDR = 0.412) or primary tumor cells (PTP4A1 FDR = 0.390 and PTP4A3 FDR = 0.426), we 

reasoned that the effect of pan-PTP4A inhibition on axon guidance may be occurring via a 

PTP4A2-ROBO1 axis. To support our hypothesis, we profiled the transcriptome of primary and 

recurrent tumor cells with knockout of PTP4A2 (two gRNAs) or AAVS1 control (Figure 4C). A 

total of 1,283 differentially expressed genes (DEGs) were identified following PTP4A2 knockout 

(|fold change| > 2 and adjusted P < 0.05), with 818 DEGs exclusive to recurrent tumor cells. In 

agreement with the phosphoproteomic analysis, gene set enrichment analysis (GSEA) revealed a 

depletion of axon guidance members at the transcriptomic level in recurrent tumor cells with 
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PTP4A2 knockout (adjusted P = 0.04); however, no such effect was seen in primary tumor cells 

(adjusted P = 1) (Figure 4D).  

In accordance with previous immunohistochemical studies of glioma specimens (Mertsch 

et al., 2008), we find that ROBO1 is over-expressed in GBM tissues profiled by TCGA as 

compared to normal brain (Figure S8A; LFC > 1.5 and P < 0.01). Moreover, GSEA pathway 

analyses of our genome-wide functional screens supports a striking dependence on ROBO 

signaling in recurrent GBM models (BT241 and BT972 adjusted P = 0.004). Notably, none of 

ROBO1-4 were identified as genetic dependencies in our functional screens, suggesting that single-

gene knockout of any of ROBO1-4 may not be sufficient to phenocopy PTP4A2 perturbation. 

During normal neurodevelopment, binding of secreted SLIT2 to ROBO1 leads to axon repulsion 

and inhibition of cell migration via SRGAP-mediated CDC42 inactivation(Hu et al., 2005; Wong 

et al., 2001), in parallel to weakening N-cadherin-mediated cell adhesion via phosphorylation of 

β-catenin by ABL(Rhee et al., 2007; Rhee et al., 2002). In a neoplastic context, SLIT2 promoter 

methylation and inactivation is frequently observed in gliomas(Dallol et al., 2003), whereas 

ROBO1 is highly expressed at transcript and protein levels (Liu et al., 2016b). In other solid tumor 

contexts, SLIT/ROBO interactions have been shown to regulate quintessential oncogenic 

pathways, including signaling by EGFR, VEGFR, mTOR and HER2(Gara et al., 2015). Although 

the role of ROBO1-mediated signaling in GBM is yet to be resolved, our observations reveal a 

context-specific vulnerability on axon guidance through a PTP4A2-ROBO axis in recurrent GBM 

(Figure 4I). In recurrent GBM, PTP4A2 may support ROBO1/CDC42-mediated tumor cell 

invasion via dephosphorylation of SRGAP1, SRGAP3 and CDC42 effector proteins. In addition, 

direct dephosphorylation of β-catenin (CTNNB1) may support WNT signaling-mediated tumor 

cell stemness and proliferation. Our identification of this axis is also supported by previous studies 



 52 

that link Ptp4a1 expression with axon synaptogenesis in the central nervous system of Drosophila, 

the genome of which includes a single Ptp4a gene (Urwyler et al., 2019).  

Given the above findings and our previous success targeting axon guidance through the 

ephrin family members EPHA2 and EPHA3 in recurrent GBM using a bispecific antibody (Qazi 

et al., 2018), we developed a panel of camelid single-domain antibodies targeting human ROBO1. 

Of these antibodies, MKRo-20 showed high affinity and specificity for human ROBO1 (KD = 

12.1±0.06 nM) among other members of the ROBO family (ROBO2, ROBO3, and ROBO4) 

(Figures 4G, 4H). To determine whether antibody-based modulation of ROBO1 mimics PTP4A2 

inhibition, we treated recurrent GBM spheroids immersed in Matrigel with JMS-053 and/or anti-

ROBO1 MKRo20. Both treatment with MKRo20 and/or JMS-053 mediated inhibition of PTP4A2 

led to robust decreases in tumor cell invasion and spheroid size (Figure 4J). These results propose 

that modulation of ROBO1 function using antibodies could be a viable and novel strategy to target 

recurrent GBM. 

Discussion 

We conducted the first set of unbiased functional genetic screens in patient-derived GBM 

models to reveal functional modulators of disease recurrence. Not only do recurrent tumor cells 

rely on a distinct set of functional drivers when compared to their primary predecessors, 

therapeutic avenues to treat recurrent disease cannot be predicted without profiling tumors at 

recurrence. The surprising loss of ~30% of genetic dependencies in primary tumor cells at 

recurrence (e.g. RUNX1, ZEB1 and RHOA), gain of an additional ~30% new functional 

dependencies (e.g. FASN and CD151), and further loss of crucial replicative checkpoints (e.g. 

TP53, PTEN, NF1, and NF2), highlight the dramatic remodelling from primary to recurrent 

disease. Therapy-driven events, along with continuous temporal evolution at the genetic and 
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cellular levels, may select for a sub-clonal and treatment-resistant GSC population that redefines 

the functional genetic landscape of the recurrent tumor.   

Collectively, these results support a model in which therapy-driven and stochastic events 

lead to a functionally distinct tumor at recurrence. Our analysis of the genomic, transcriptomic, 

proteomic and functional genetic landscapes of patient-matched primary and recurrent tumor cells 

supports parallel tumor-intrinsic mechanisms of treatment resistance which rely on acquisition of 

immunosuppressive capacity. Not only are recurrent GBM cells burdened by greater stem-like 

properties and tumorigenic potential, presence of de novo driver mutations such as a defective 

MMR pathway (MSH6 A1179V and T1219I) may drive hypermutation and shield recurrent GBM 

cells from the host immune system and anti-PD-1 blockade(Touat et al., 2020). In stark contrast, 

anti-PD-1 blockade is a tractable therapeutic strategy in other aggressive cancers (i.e. non-small 

cell lung cancer, colorectal cancer and melanoma) with a hypermutated profile (Le et al., 2015; 

McGranahan et al., 2016; Rizvi et al., 2015). In addition, MMR-deficiency in recurrent GBM cells 

may predispose to a higher mutational burden but, unlike other cancers, these additional mutations 

may support an immunosuppressive microenvironment.  

We observe that MMR-deficient recurrent GBM cells also harbour a deleterious mutation 

in PTEN (H123Y), previously shown to ablate phosphatase activity and prevent PTEN-mediated 

cell cycle arrest in breast cancer cells (Hlobilkova et al., 2000). In addition, MMR-deficiency and 

microsatellite instability (MSI) has been associated with truncal PTEN loss in gliomas, and 

likewise, PTEN loss occurs in 90% of human MSI endometrial carcinomas (Cancer Genome Atlas 

Research et al., 2013a; Touat et al., 2020). In addition to MMR deficiency, significant enrichment 

of PTEN mutations at recurrence has been associated with immunosuppressive expression 
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signatures in GBM patients who were classified as non-responders to immune checkpoint blockade 

in clinical trials with nivolumab and pembrolizumab (Zhao et al., 2019).  

Altogether, our mutational, proteomic and functional characterization of the remodelled 

landscape in recurrent GBM reveals novel mechanisms of treatment resistance, warranting 

therapeutic approaches that exploit synthetic lethal vulnerabilities that emerge at recurrence. By 

performing the first genome-wide CRISPR-Cas9 gene knockout screens in patient-derived post-

treatment recurrent tumor cells, we report an example of a context-specific vulnerability of 

PTP4A2. Pharmacological inhibition of PTP4A2 phosphatase activity revealed modulation of 

axon guidance via ROBO1 as a downstream effector of PTP4A2, further supported by a global 

enrichment and dependence on ROBO signaling. To develop a therapeutic approach targeting 

ROBO signaling, we present evidence supporting the use of an anti-ROBO1 single-domain 

antibody for treatment of recurrent tumor cells. These findings provide a template for studying 

recurrence and support development of therapeutic regimens that are informed by therapy-driven 

or longitudinal shifts in the functional genomic landscape of recurrent tumors.  
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Figure 1. Genome-scale genetic and proteomic comparison of patient-matched, pre-

treatment primary and post-treatment recurrent tumor cells. 

(A) Schematic of patient-matched primary (BT594) and recurrent (BT972) tumor cell derivation.  

(B) Limiting dilution assay to assess in vitro sphere formation in patient-matched primary (blue) 

and recurrent (red) tumor cells. Data are presented as means with 95% confidence interval (CI); P 

value from chi-squared likelihood ratio test.  

(C) Kaplan-Meier survival analysis of immunocompromised mice engrafted with tumor cells, 

indicating death when mice reach endpoint. Primary (blue), n = 5; recurrent (red), n = 5; P value 

from log-rank (Mantel-Cox) test.  

(D) Tally of damaging mutations in primary and recurrent tumor cells, separated by mutation type. 

Mutations were called using the Genome Analysis Toolkit (GATK) and filtered to include 

canonical variants with predicted high impact on protein function and/or classified as deleterious 

by Condel, SIFT and PolyPhen. 

(E) Circos plots of deleterious mutations in primary and recurrent tumor cells separated by 

mutation type (i.e. point, frameshift, transcriptional and splicing variants). Mutations are aligned 

to their chromosomal position. For each mutation, gene-level mutation frequency (% of total 

patients) was obtained from 10,000 patient tumor specimens profiled by Zehir et al. (2017). 

Mutations present in >1% of patients are highlighted for primary and recurrent tumor cells. 

(F) Fast gene set enrichment analysis (fGSEA) was performed on differentially-expressed 

transcripts (RNA sequencing) and proteins (whole cell proteomics) in recurrent tumor cells as 

compared to primary tumor cells (recurrent/primary). Integrated pathway gene sets (March 2021 

version) were obtained from the Bader Lab (www.baderlab.org/Software). The top seven enriched 

gene sets in recurrent tumor cells (normalized enrichment score (NES) > 0) and primary tumor 
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cells (NES < 0) are highlighted, with dot size and color representing gene set size and adjusted P 

value, respectively. Gene sets with common biological themes are indicated by text color.  
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Figure 2. Functional screens reveal relative fitness trends at GBM recurrence. 

(A) Gene-level cGI Z scores from screens performed in a treated primary tumor cell line relative 

to patient-matched recurrent cells. Pearson correlation coefficients and P values shown for each 

pairwise comparison with (black) and without (grey) filtering for genes that meet FDR < 0.05 in 

at least one screen.  Conditional scores compute normalized difference of Z-scores between the 

condition indicated on the axis and BT594 DMSO control cells. 

(B) Differential fitness genes between patient-matched primary and recurrent tumor cells. Genes 

that confer significantly increased (blue/dark blue; LFC > 0) or decreased (yellow/dark yellow; 

LFC < 0) tumor cell fitness in recurrent tumor cells relative to primary tumor cells are shown (FDR 

< 0.5). Node shade and size correspond to FDR and mean LFC (recurrent/primary), respectively. 

(Inset) Density plot with all data points shown. 

(C) Network map of Reactome gene sets (Jassal et al., 2020) enriched in genes that exhibit 

differential fitness in recurrent GBM (BT972), with genes responsible for gene set enrichment 

listed alphabetically for each cluster. Network is designed using the Enrichment Map plugin in 

Cytoscape, and nodes are clustered using Auto Annotate (MCL Cluster algorithm, cluster cut off 

= 1.0). Nodes represent enriched pathways, while edges connect related pathways.   
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Figure 3. Functional interrogation of patient-derived and post-treatment recurrent tumor 

cells.  

(A) BF scores of recurrent tumor-specific essential genes (BF score > 5) as compared to CRISPR-

Cas9 screens in human cancer cell lines from the Cancer Dependency Map (DepMap) (Behan et 

al., 2019; Meyers et al., 2017). Bar plot on right presents median mRNA level in primary GBM 

specimens, with all genes significantly upregulated in Cancer Genome Atlas (TCGA) GBM 

specimens as compared to non-tumor tissue (FDR < 0.05).  

(B,C) Evaluation of protein tyrosine phosphatase 4A2 (PTP4A2) knockout (2 gRNAs, A and B) 

on (B) secondary sphere formation and (C) proliferation of primary and recurrent tumor cells, 

compared with a gRNA targeting AAVS1 (control). All data are represented as mean +/- s.d.; n = 

5 experimental replicates; P values are from unpaired Student’s t-tests.  

(D) Survival analysis of immunocompromised mice engrafted with recurrent tumor cells with an 

inducible PTP4A2- or AAVS1- knockout (n = 8 per knockout). 

(E) Cell viability assays of patient-matched primary (BT594) and recurrent (BT972) tumor cells, 

and an unmatched fetal neural stem cell line (NSC201FT), exposed to increasing doses of JMS-

053 over the course of 168 hours. Data presented as mean +/- s.d., n = 5 experimental replicates.  

(F) Kaplan-Meier survival analysis of JMS-053-treated orthotopic patient-derived xenograft 

model (PDX) of recurrent GBM. Mice were treated with JMS-053 or vehicle control from days 7 

to 20 post-injection (n = 8). Vehicle (black), n = 8; JMS-053 (red), n = 8; P value from log-rank 

(Mantel-Cox) test.  
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Figure 4. Phospho-proteomic analysis reveals a PTP4A2-ROBO1 phosphorylation axis.  

(A) Schematic of phospho-proteomic profiling of primary and recurrent tumor cells treated JMS-

053 (active compound) or JMS-038 (inactive control).  

(B) Fold change of enriched phospho-proteins annotated to the cell periphery. Protein-level fold 

change of enrichment ratios (recurrent/primary), following treatment with JMS-053 for 5 min 

compared to JMS-038.  

(C) Enrichment for GO bioprocesses and Reactome terms among phospho-proteins enriched in 

recurrent tumor cells treated with JMS-053 for 5 min (ratio > 1.5 and %CV < 50%). Average 

number of genes intersecting with each term and term size indicated next to each bar. Bar color 

indicates the adjusted P values calculated by gProfileR. 

(D) Row-normalized mRNA expression from primary (BT594) or recurrent (BT972) tumor cells 

with PTP4A2 (2 gRNAs, A or B) or AAVS1 knockout (1 gRNA, control). Data from three 

independent biological replicates are shown. Rows and columns are sorted by hierarchical 

clustering. On bottom left, Venn diagram of significantly differentially expressed genes (DEGs; 

adjusted P < 0.05) in primary or recurrent tumor cells with PTP4A2 (2 gRNAs) or AAVS1 knockout 

(1 gRNA, control). On right, top DEGs (|LFC| > 2 and adjusted P < 0.05) in recurrent tumor cells 

are highlighted. 

(E) Gene Set Enrichment Analysis (GSEA) enrichment of axon guidance pathway gene expression 

in recurrent tumor cells following PTP4A2 knockout, as compared to gRNA targeting AAVS1 

(control). Adjusted P values derived by ClusterProfiler.  

(F) GSEA enrichment of Roundabout Guidance Receptor (ROBO) signaling pathway genes in 

CRISPR-Cas9 screen in recurrent tumor cells. Adjusted P value derived by ClusterProfiler. 
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(G) Multi-cycle kinetic analysis of the interaction between single domain antibodies and human 

ROBO1. Kinetic rate plot with iso-affinity diagonals for all antibodies. 

(H) Binding of MKRo-20 (500 nM) to human ROBO1-4 and VEGFR2 by surface plasmon 

resonance. 

(I) During normal neurodevelopment (left), SLIT2-ROBO1 interactions lead to axon repulsion and 

inhibition of cell migration via SRGAP-mediated CDC42 inactivation and to weakening N-

cadherin-mediated cell adhesion via phosphorylation of β-catenin by ABL(Hu et al., 2005; Rhee 

et al., 2007; Rhee et al., 2002; Wong et al., 2001). In recurrent GBM, PTP4A2 may support 

CDC42-mediated tumor cell invasion via dephosphorylation of SRGAP1, SRGAP3 and CDC42 

effector proteins. In addition, direct dephosphorylation of β-catenin (CTNNB1) may support WNT 

signaling-mediated tumor cell stemness and proliferation.  

(J) Invasion of recurrent BT972 GSCs was evaluated by exposure to JMS-053 (4µM or 8µM), 

100nM anti-ROBO1 MKRo20, or a combination (4µM JMS-053 with 100 nM MKRo20). Tumor 

spheroids were immersed in 12.5% Matrigel followed by drug exposure for 4 days.  
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Methods 

Derivation and culture of patient-derived glioblastoma stem cell models 

Primary glioblastoma (GBM) specimens and whole fetal brain samples were obtained from 

consenting patients and families as approved by the Hamilton Health Sciences and McMaster 

Health Sciences Research Ethics Board. After washing with PBS, specimens were mechanically 

dissociated followed by enzymatic dissociation in PBS containing 0.013 mg/mL Liberase 

Thermolysin Research Grade (Millipore Sigma no. 5401020001) at 37°C for 15 minutes. 

Dissociated cells were isolated by filtration through a 70 µm cell strainer (Millipore Sigma no. 

CLS431751-50EA), centrifuges and subjected to red blood cell lysis using 0.8% ammonium 

chloride solution (STEMCELL Technologies no. 07850). SB2b was a kind gift from Professor 

Bryan Day (Sid Faithfull Brain Cancer Laboratory) and Dr. Brett Stringer from Royal Brisbane 

Hospital in Herston, Australia. Tumor cells and fetal human neural stem cells (NSCs) were grown 

and maintained in NeuroCult NS-A proliferation kit (Human) (STEMCELL Technologies no. 

05751), supplemented with 20 ng/mL EGF (STEMCELL Technologies no. 78006), 10 ng/mL FGF 

(STEMCELL Technologies no. 78003.2), 0.002% Heparin (w/v) (STEMCELL Technologies no. 

07980), 1X antibiotic/antimycotic solution (Wisent Bio Products no. 450-115-EL). For the first 

two weeks of culture, patient-derived cells were treated for potential mycoplasma infection using 

1X MycoZap Prophylactic (Lonza no. VZA-2031). Cells were cultured on tissue culture-treated 

dishes, cell-repellent dishes (Greiner Bio no. 628979), or tissue culture-treated dishes coated with 

Poly-L-ornithine (Millipore Sigma no. P4957) and mouse Laminin (Corning no. 354232). All cells 

were maintained at 37 °C and 5% CO2. All cell lines were frequently tested for mycoplasma 

infection and, if needed, treated with additional 1X MycoZap for two weeks.  
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Library virus production and determination of multiplicity of infection 

HEK293T (ATCC CRL-3216) cells were seeded (8 million per 15 cm dish) in DMEM containing 

glucose, pyruvate and 10% FBS. Twenty-four hours after seeding, a mix of 8µg of the Toronto 

KnockOut version 3.0 (TKOv3) guide RNA (gRNA) library (Hart et al., 2017) (Addgene no. 

90294), viral packaging/envelope vectors (4.8 µg psPAX2 and 3.2 µg pMD2.G), 48 µL X-treme 

gene transfection reagent (Roche) and 1.4 mL Opti-MEM medium was transfected into cells. 

Twenty-four hours post transfection, the medium was replaced with DMEM high glucose 

supplemented with 0.011 g/mL BSA, 1% penicillin-streptomycin. Forty-eight hours post 

transfection, virus-containing media was separated by centrifugation, aliquoted and frozen at -

80°C.  

To determine multiplicity of infection, tumor cells were plated on 15 cm tissue culture-

treated dishes with or without poly-L-ornithine/laminin coating at ~25-50% density depending on 

cell line-specific doubling time, in a total of 25-30 mL of media. Twenty-four hours after plating, 

cells were infected with different dilutions of the TKOv3 library lentivirus. Twenty-four hours 

after infection, the virus-containing media was replaced with 25-30 mL of fresh medium 

containing puromycin (1-3 µg/mL) and cells were incubated for an additional 24-72 hours. 

Multiplicity of infection (MOI) was determined by calculating the fraction of infected cells that 

survived puromycin selection as compared to infected cells that were not selected. 

 

Genome-wide CRISPR-Cas9 screens in GBM models 

Tumor cells were plated on 15 cm tissue culture-treated dishes with or without poly-L-

ornithine/laminin coating at ~25-50% density depending on cell line-specific doubling time, in a 

total of 25-30 mL of media. Twenty-four hours after plating, cells were infected with the TKOv3 
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library lentivirus at an MOI of ~0.3, ensuring that each gRNA was present in 200-500 cells. 

Twenty-four hours after infection, the virus-containing media was replaced with 25-30 mL of fresh 

medium containing puromycin (1-3 µg/mL) and cells were incubated for an additional 24-72 

hours. Cells that survived puromycin selection were pooled together, and 30 million cells were 

collected as an initial reference timepoint (T0).  

For dropout screens (BT241 and BT972), infected and puromycin-selected cells were split 

into three experimental replicates, with each replicate containing 15+ million cells (>200-fold 

library coverage). Cells were passaged every 2-3 doublings and maintained at >200-fold library 

coverage for 15-18 doublings. Cell pellets were collected during passaging from each replicate for 

downstream analysis. For screens involving drug treatment (BT594 and BT935), infected and 

puromycin-selected cells were split into one of four treatment arms: control DMSO treatment, 

sublethal IC20-30 radiotherapy (RT), sublethal IC20-30 temozolomide (TMZ), or sublethal IC20-30 RT 

and TMZ. For combined RT and TMZ therapy, each plate was treated with TMZ (Millipore Sigma 

no. T2577) one hour prior to RT (Faxitron RX-650). For the entire duration of the screen, 

treatments were administered in cycles of 5 days on and 2 days off to allow for recovery and 

passaging. Passaging and collection of cell pellets was performed as described above. 

 

Library preparation and Illumina sequencing 

Genomic DNA (gDNA) was extracted from cell pellets collected at the beginning (T0) and end of 

each screen (Tn) using the Wizard Genomic DNA Purification Kit (Promega). Following 

resuspension in TE buffer, gDNA concentration was determined by Qubit using double-stranded 

DNA (dsDNA) Broad Range Assay reagents (Invitrogen). For each sample, 50 µg of extracted 

DNA was subjected to two PCR reactions, the first of which enriched gRNA-containing regions 



 69 

and the second step amplified gRNAs and attached Illumina TruSeq adapters with i5 and i7 indices, 

as described previously Barcoded libraries were gel purified and concentrations were determined 

by qRT-PCR. Sequencing of libraries was performed on an Illumina HiSeq2500  using standard 

primers for dual indexing with HiSeq SBS Kit v4 reagents. The single-end sequencing run 

consisted of 21 dark cycles (base additions without imaging), followed by 36-base reads containing 

2 index reads, first with i7 and the second with i5 sequences. The beginning (T0) and endpoints 

(Tn) were sequenced at 400- and 200-fold coverage, respectively. 

 

Mapping and quantification of gRNAs 

Following completion of Illumina sequencing, 20-bp gRNA sequences were extracted from 

FASTQ files by trimming reads according to constant sequence anchors. Trimmed reads were 

aligned to a FASTA file of gRNA sequences from TKOv3 using Bowtie (v0.12.8) (Langmead et 

al., 2009). Two mismatches and 1 exact alignment were allowed during alignment (specific 

parameters: -v2 -m1 -p4 –sam-nohead). Processed reads were tallied for each sample and merged 

into a matrix.   

 

Quality control analysis and scoring of gRNAs 

To begin quantifying the gene fitness in each screen, LFC of each gRNA was quantified by 

comparing read-depth-normalized gRNA counts at the beginning of each screen (T0) to the end of 

each screen (Tn). To perform quality control analysis, the LFC for all gRNAs targeting a single 

gene were averaged, with four gRNAs targeting each gene in TKOv3 (Hart et al., 2017). 

Established gene sets of core essential genes (reference) (Behan et al., 2019; Hart et al., 2015; Hart 
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et al., 2017) and non-essential genes (background) (Hart et al., 2015; Hart et al., 2017) were 

compared for dropout using LFC values and by computing precision over true positive statistics. 

For all pooled CRISPR-Cas9 screens, LFC values of core essential genes and non-essential 

genes were used to apply the Bayesian Analysis of Gene Essentiality (BAGEL) algorithm (Hart 

and Moffat, 2016) to determined fitness of all genes. A Bayes Factor (BF) score of 5 and FDR<0.05 

were used to identify genes essential for cell survival. For drug-treated CRISPR-Cas9 screens 

(BT594 and BT935), LFC values for gRNAs targeting each gene were compared between a drug-

treated arm (treatment) and the DMSO-treated arm (control) for each cell line by applying the 

DrugZ algorithm (Colic et al., 2019). For each drug-treated arm (RT, TMZ, or combined RT and 

TMZ), positive and negative conditional genetic interactions (GIs) were identified using 

normalized Z scores combined with synthetic/suppressor FDR values.  

 

Gene set enrichment analysis of conditional gRNA distributions 

For all primary GBM CRISPR-Cas9 screens, normalized gene-level LFC values from each arm 

(DMSO, RT, TMZ, or combined RT and TMZ) were used to conduct gene set enrichment analysis 

(Subramanian et al., 2005) (GSEA) using fgsea (v1.14.0) (Korotkevich et al., 2020). For each 

screen, GSEA of Reactome (Jassal et al., 2020) canonical pathways (c2.cp.reactome.v7.1) was 

conducted with a minimum of 1 and maximum of 1000 genes in each gene set, a total of 10,000 

permutations, and an adjusted P<0.05. GSEA results were collapsed into parent gene sets using 

the collapsePathways() function from fgsea. Normalized enrichment scores (NESs) from all 

screens were compiled in a matrix (Supplementary Table 4). 

 

Functional gene enrichment analysis 
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Shared essential genes in primary and recurrent tumor cells. A set of shared essential genes with 

BF scores > 5 in primary BT594 (DMSO-treated) and recurrent BT972 tumor cells was 

determined. Genes belonging to core essential gene sets (Behan et al., 2019; Hart et al., 2017) were 

filtered out and remaining shared essential genes were subjected to functional enrichment analysis 

using gProfiler2 (Reimand et al., 2007) (v0.1.9). Using all genes targeted by TKOv3 (Hart et al., 

2017) as background, the gost() function was applied to determine enriched gene sets from 

Reactome, gene ontology (GO) biological processes and GO molecular function with FDR<0.05. 

Using Cytoscape (v3.8.0), enriched gene sets with a similarity of >50% were collapsed using the 

Enrichment Map function (v3.3.0) and the AutoAnnotate function (v1.3.3) was used to determine 

themes of overlapping gene sets.  

Shared essential genes in recurrent tumor cells. A set of shared essential genes with BF scores > 

5 in recurrent BT241 and BT972 tumor cells was determined. Genes belonging to core essential 

gene sets (Behan et al., 2019; Hart et al., 2017) were filtered out and remaining shared essential 

genes were subjected to functional enrichment analysis using gProfiler2 (Reimand et al., 2007) 

(v0.1.9). Using all genes targeted by TKOv3 (Hart et al., 2017) as background, the gost() function 

was applied to determine enriched gene sets from Reactome, GO biological processes with 

FDR<0.05. Using Cytoscape (v3.8.0), enriched gene sets with a similarity of >50% were collapsed 

using the Enrichment Map function (v3.3.0) and the AutoAnnotate function (v1.3.3) was used to 

determine themes of overlapping gene sets. 

 

In vitro assays for self-renewal and proliferation 

Cell preparation. Tumor cells, with or without genetic knockout, were dissociated into a single 

cell suspension using TrypLE (ThermoFisher Scientific no. 12605028) for adherent cultures, or a 
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combination of Liberase Thermolysin Research Grade (Millipore Sigma no. 5401020001) and 

DNase I (Worthington Biochemical Corporation no. 9003-98-9) for suspension spherical cultures. 

Cells were incubated with dissociation agent for 5 minutes at 37°C. After washing dissociated cells 

twice with PBS, the cell suspension was filtered through a 35µm cell strainer prior to plating for 

assays. All assays were performed using NeuroCult NS-A proliferation kit (Human), supplemented 

as described above. All experiments were conducted with five experimental replicates per sample.  

Limiting dilution assay. Tumor cells were plated at varying densities (1, 5, 10, 50, 100, 200 

cells/well) in cell-repellent 96-well, flat-bottom microplate (Greiner Bio no. 655970). Cells were 

cultured in 200 µL of media and incubated for 3-5 days at 37°C and 5% CO2. Following incubation, 

cell spheres were counted by microscopy. For each sample, the frequency of sphere-forming cells 

in each cell line was determined using the elda() function from statmod (v.1.4.34). A single-hit 

model with a log-log binomial regression was applied to determine confidence intervals for sphere-

forming cell frequency. A chisquare likelihood ratio test statistic was applied to signify difference 

between samples. 

Secondary sphere formation assay. Tumor cells were plated at 200 or 300 cells/well in cell-

repellent 96-well, flat-bottom microplate (Greiner Bio no. 655970). Cells were cultured in 200 µL 

of media and incubated for 3-5 days at 37°C and 5% CO2. Following incubation, cell spheres were 

counted by microscopy. An unpaired T-test was used to compare between samples. 

 

Proliferation assay. Tumor cells were plated at 1000 cells/well in flat-bottom tissue culture-treated 

96-well microplates. Cells were cultured in 200 µL of media and incubated for 3-5 days at 37°C 

and 5% CO2. To quantify proliferation, 20 µL of PrestoBlue Cell Viability Reagent was added to 

each well followed by incubation for 4 hours at 37°C and 5% CO2. Fluorescence was measured on 
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a FLUOstar Omega Fluorescence 566 Microplate reader (BMG LABTECH) (excitation 540 nm 

and emission 570 nm) and analyzed using Omega software. An unpaired T-test was used to 

compare between samples. 

 

In vivo engraftment of tumor cells 

All animal experimental protocols were approved by the McMaster University Animal Research 

Ethics Board. Tumor cells were injected orthotopically into immunocompromised mice as 

described previously (Singh et al., 2004). In brief, 10-12 week old NSG mice were anaesthetized 

using isofluorane gas (5% induction, 2.5% maintenance). A total of 250,000 tumor cells were 

injected per mouse into the right frontal lobes, suspended in 5 µL PBS. All mice were euthanized 

at endpoint and survival analysis was conducted using the survfit() and Surv() functions from the 

package survival (v.3.2-3), and plotted using the package survminer (v.0.4.8). 

 

In vivo inducible knockout of PTP4A2 

Recurrent BT241 tumor cells were infected with lentivirus containing an doxycycline-inducible 

Cas9 (iCas9) construct (Mair et al., 2019). Validated BT241-iCas9 cells were treated with 

doxycycline (DOX; 1.5µg/mL, Sigma) for 48 hours to induce Cas9 and BFP2 expression. DOX-

induced and uninduced samples were run on a MoFlo XDP Cell Sorter (Beckman Coulter). After 

excluding dead cells using 7AAD (1/100, Beckman Coulter), BFP2+ cells were sorted into tubes 

containing NeuroCult NS-A proliferation kit (Human), supplemented as described above.  

 

BT241-iCas9 cells were infected with a modified pLCKO vector (no Cas9) (Mair et al., 2019) 

containing gRNA sequences targeting AAVS1 or PTP4A2, obtained from TKOv3 (Hart et al., 
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2017) and cloned as described previously (Mair et al., 2019). Following selection with puromycin 

(3 µg/mL for 72 hours), 250,000 gRNA-expressing BT241-iCas9 were injected in 

immunocompromised NSG mice as described above. Two weeks after injection, mice were treated 

with DOX in their water (2 mg/mL DOX with 1% sucrose) and feed (625 mg/kg DOX-

supplemented Envigo no. 7004 feed) for 2 weeks. Following DOX treatment, mice were put back 

on normal water and feed. All mice were euthanized at endpoint and survival analysis was 

conducted as described above. 

 

RNA sequencing 

Sample preparation. Five million tumor cells (BT594 or BT972) were plated in cell-repellent 

dishes (Grenier Bio no. 628979) and infected with lentivirus containing single-gRNA 

lentiCRISPRv2 constructs targeting AAVS1 or PTP4A2 (2 gRNAs), with gRNA sequences 

obtained from TKOv3 (Hart et al., 2017). Twenty-four hours post-infection, virus-containing 

media was replaced with fresh media containing puromycin (1-2 µg/mL) for 48-72 hours. Each 

cell line was cultured and processed in three experimental replicates. Following antibiotic 

selection, RNA was extracted using the RNeasy Kit (Qiagen), according to manufacturer’s 

instructions. All samples were treated with DNase using RNase-free DNase Set (Qiagen no. 

79254). Samples were submitted for mRNA-Seq at the Donnelly Sequencing Centre at the 

University of Toronto, Toronto, Canada (http://ccbr.utoronto.ca/donnelly-sequencing-centre).  

300ng per sample was processed according to NEBNext Ultra II Directional RNA Library Prep 

sample preparation protocol (Part # E7760L) with the NEBNext Poly(A) mRNA Magnetic 

Isolation Module (Part # E7490). 1µL top stock of each purified final library was run on an 

Agilent TapeStation HS D1000 tape (Agilent). The libraries were quantified using Quant-
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iT dsDNA HS Assay Kit (ThermoFisher Scientific) and were pooled at equimolar ratios after size 

adjustment. The final pool was run on an Agilent Bioanalyzer dsDNA High Sensitivity chip and 

quantified using NEBNext Library Quant Kit for Illumina (NEB). The quantified pool was 

hybridized at a final concentration of 2.75pM and sequenced paired-end 2x50 bp on the Illumina 

NovaSeq6000 platform using an S2 flowcell to obtain an average of 28M reads per sample. 

Data processing. Read pairs shorter than 36bp on either read1 or read2 were filtered out prior to 

mapping. Reads were aligned to reference genome hg38 and Gencode V25 gene models using the 

STAR short-read aligner (v2.6.1b) (Dobin et al., 2013). An average of 86.9% of the filtered reads 

mapped uniquely. Gene-level read counts, determined by STAR, were merged along with gene 

annotations into a single matrix using a bespoke R script.  

Differential expression. Differentially expressed genes (DEGs) were identified using the 

Bioconducter packages limma (Ritchie et al., 2015) (v3.44.3) and edgeR (McCarthy et al., 2012) 

(v3.30.3). The read count matrix was filtered to remove low-expressed genes using the function 

filterByExpr() using default parameters. Principal component analysis (PCA) allowed for 

visualization of treatment effects and adjustment for batch-to-batch differences. Normalization 

was performed using calcNormFactors (method = ‘TMM’) and log2-transformed using voom(). A 

linear model was fit to account for differences between BT594 and BT972 cells (main effect) as 

well as among knockouts for AAVS1, PTP4A2 (first gRNA) and PTP4A2 (second gRNA). DEGs 

were extracted using treat() (limma) and determined using log2(fold change)>1 and adjusted 

P<0.05. 

Variant calling.  Genomic variants affecting protein-coding genes were identified from the 

RNAseq data using the Genome Analysis Toolkit (GATK) version 3.1 following the recommended 

“Best Practices”.  Briefly, beginning with the BAM output file from STAR, the steps included 
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AddOrReplaceReadGroups, MarkDuplicates, ReorderSam, SplitNCigarReads, HaplotypeCaller, 

and finally VariantFiltration.  Variant consequences were classified using the Variant Effect 

Predictor (VEP) release 89, which includes predictions from SIFT, PolyPhen and Condel. 

 

Whole cell proteomics.  

Sample preparation. Five million patient-derived tumor cells (BT594 and BT972) were cultured 

in cell-repellent 10 cm dishes (Greiner Bio no. 628979) with 10 mL of NeuroCult NS-A 

proliferation kit (Human) (STEMCELL Technologies no. 05751), supplemented as described 

above. Cells were incubated for 96 hours at 37°C and 5% CO2 to enrich for sphere formation. 

Following incubation, cells were washed thrice with cold PBS, centrifuged into pellets and snap 

frozen using liquid nitrogen. Cell pellets were stored at -80°C until further processing.  

Cells were lysed in PBS:2,2,2-trifluoroethanol (TFE) (1:1 v:v)) as previously described 

(Cogger et al (PMID: 28835709)). Protein concentration was determined using the BCA kit 

(Thermo) according to the manufacturer’s instruction. Cysteins were reduced with Dithiothreitol 

(DTT, 5mM final concentration) at 60°C for 30 minutes and subsequently alkylated using 

iodoacetamide (25mM final concentration) in the dark at room temperature for 30 minutes. 

Samples were diluted with four volumes 100 mM ammonium bicarbonate (pH 8.0), supplemented 

with calcium chloride (2mM final concentration) and digested for 16 h at 37°C with Trypsin:LysC 

(Thermo) added at a 1:50 ratio. The digestion was quenched using 0.5% formic acid (FA) and 

tryptic peptides were fractionated using a basic C18 fractionation method. Briefly, tryptic peptides 

were loaded on four 45 mm C18 extraction disks (EmporeTM, Fischer Scientific) and eluted in five 

fractions using increasing acetonitrile (ACN) (5%, 7.5%, 10%, 12.5%, 15%, 17.5%, 20%, 50%) 

concentration solutions prepared in 0.1% ammonium hydroxide. Fractions were pooled as follows: 
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fractions 3+6; 4+7; 5+8. Fractions 1 and 2 were not pooled. The five resulting fractions were 

lyophilised and reconstituted in 21μL 3% ACN 0.1% FA. Peptide concentration was determined 

using a NanoDrop 2000 (Thermo) spectrophotometer and were loaded on a 50 cm ES803 column 

(Thermo). Peptides were separated using a 4h gradient, at 250 nL/min flow, using the Thermo 

Scientific EasyLC1000 nano-liquid-chromatography system. The chromatography system was 

coupled to an Orbitrap Fusion Mass Spectrometer (Thermo) and MS/MS data were acquired in a 

data dependent mode with full scans (350-1800 m/z) acquired using the ion trap mass analyser at 

a mass resolution of 120,000 m/z. Fifteen most intense precursors from a survey scan were selected 

for MS/MS from each cycle and detected at a mass resolution of 15,000 m/z. Tandem mass spectra 

were produced by high energy dissociation (HCD) method. Dynamic exclusion was set for 60 s. 

The automatic gain control for full MS was set to 1e5 ions and 1e2 ions for MS/MS with maximum 

ion injection times of 55 ms and 50 ms respectively. 

Data analysis. The acquired raw data were analysed using the Max Quant software (version 

1.6.1.0) using the complete human proteome (version 2016.07.13 containing 42,041 sequences). 

Search parameters were defined as follow: a maximum of two missed cleavages; carbamido-

methylation of cysteine was specified as fixed modification and oxidation of methionine as 

variable modifications. Peptide length was specified to be 8-25 amino acids. The mass error was 

set to 10 p.p.m. for precursor ions and 0.5 Da for fragment ions. The false discovery rate (controlled 

using a target-decoy approach based on reversed sequences) was defined as 1% at peptide and 

protein levels. The Maxquant output was compiled into a matrix for further analysis. 

 

Recurrent GBM-enriched gene essentiality and expression 
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Bayes factor (BF) scores for a total of 666 genome-wide CRISPR-Cas9 screens in human cancer 

cell lines were acquired from the PICKLES database (Lenoir et al., 2018), which included the 

Behan 2019 (Behan et al., 2019) and Avana 2018 q4 (Meyers et al., 2017) datasets. For each data 

set, BF scores were averaged by sample collection site and merged into a single matrix and merged 

with BF scores from recurrent GBM screens (BT241 and BT972). To incorporate differentially 

expressed genes (DEGs) in GBM, the GEPIA2 interface was utilized to compare genome-scale 

gene expression between Cancer Genome Atlas (TCGA) GBM specimens and GTEX normal brain 

specimens, as described previously (Tang et al., 2017).  To determine a set of recurrent GBM-

specific essential genes, a stringent cut-off of BF score > 5 was used to classify an essential gene. 

By filtering for genes with BF>5 in recurrent tumor cell lines and BF≤5 in all 666 screens from 

the PICKLES database (Lenoir et al., 2018), we determined a set of recurrent GBM-specific 

essential genes. This subset of genes were further filtered to include those genes that are enriched 

for expression in GBM tissues (TCGA) as compared to normal brain tissue (GTEX), with a log2 

fold change > 1 and an adjusted P < 0.01.  

 

Gene expression and survival analysis from TCGA and CGGA 

Gene expression and patient survival data was obtained for all low grade glioma and GBM patients 

profiled by TCGA (GBMLGG RNA-seq dataset from Gliovis, www.gliovis.bioinfo.cnio.es) and 

the Chinese Glioma Genome Atlas (CGGA; mRNAseq_693 dataset from www.cgga.org.cn). To 

profile PTP4A2 gene expression in each dataset, PTP4A2 gene expression values were log2-

transformed and stratified according to WHO (World Health Organization) grading. Pairwise 

comparisons among WHO grades were conducted using the Wilcoxon rank sum test. To determine 

the effect of PTP4A2 expression on patient survival, patient specimen expression values were 



 79 

stratified into ‘high PTP4A2’ and ‘low PTP4A2’ groups according to the median expression value 

in each dataset. Data was plotted using the package survminer (v.0.4.8). 

 

In vitro treatment of cells with pan-PTP4A inhibitor 

Briefly, the pan-PTP4A inhibitor JMS-053 and an inactive control compound (JMS-038) were 

synthesized as described previously (Salamoun et al., 2016) and resuspended at 5 mM in 100% 

DMSO. To test for cytotoxicity, cells (tumor cells or fetal NSCs) were plated at 1000 cells/well in 

flat-bottom tissue culture-treated 96-well microplates. Cells were treated once with various 

concentrations (20 nM to 20 µM) of JMS-038 or JMS-053. Cells were cultured in 200 µL of media 

and incubated for 7 days at 37°C and 5% CO2. To quantify proliferation, 20 µL of PrestoBlue Cell 

Viability Reagent was added to each well followed by incubation for 4 hours at 37°C and 5% CO2. 

Fluorescence was measured on a FLUOstar Omega Fluorescence 566 Microplate reader (BMG 

LABTECH) (excitation 540 nm and emission 570 nm) and analyzed using Omega software.  

 

Phospho-proteomic profiling of PTP4A-inhibited tumor cells 

Sample preparation. 2.5 million tumor cells (BT594 and BT972) were plated at a density of 0.5 

million cells/mL of NeuroCult NS-A proliferation kit (Human), supplemented as described above. 

Cells were either treated with 1 µM JMS-053 (active pan-PTP4A inhibitor) or 1µM JMS-038 

(inactive control compound) for 5 minutes or 30 minutes at 37°C and 5% CO2. Following 

incubation, samples were immediately washed with cold PBS containing 1X Halt Protease and 

Phosphatase Inhibitor (Thermo Fisher Scientific no. 78442). Following three cycles of 

centrifugation and washing with HALT-containing PBS, samples were pelleted. Except for BT594 

tumor cells treated with JMS-053 for 30 minutes, all samples were cultured, treated and processed 
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in experimental duplicates. Cell pellets were suspended in 200μL of lysis buffer composing of 8M 

urea (Sigma-Aldrich) and 100mM ammonium bicarbonate (Sigma-Aldrich) each. Cells were then 

vortexed at 2,800rpm using Mini S-2 Vortex Mixer (Fisher Scientific) for ten seconds, followed 

by ten seconds of incubation on ice. This procedure was repeated six times. The lysate was then 

centrifuged at 21,000xg for five minutes at 4°C. Protein reduction was conducted using 5mM of 

tris (2-carboxyethyl) phosphine (Sigma-Aldrich) for 45 minutes at 37°C. Subsequently, 10mM of 

iodoacetamide (Sigma-Aldrich) was added for protein alkylation for 45 minutes at room 

temperature (dark). Following alkylation, cell lysate was diluted five-fold with 100mM of 

ammonium bicarbonate to lower urea concentration. Based on protein amount, Sequencing Grade 

Modified Trypsin (Promega) was then added in (trypsin: protein(w:w) at 1:50) for overnight 

digestion at 37°C. Trifluoroacetic acid (Thermo Scientific) was added to reduce pH, and desalting 

was conducted with SOLA Solid Phase Extraction 10mg 96-well plates (Thermo Scientific). 

Peptides were eluted using 4004L 80% Acetonitrile - 0.1% trifluoroacetic acid. Eluted peptides 

were speed-vacuum dried using Labconco CentriVap Benchtop Vacuum Concentrator (Kansas 

City, MO). 

Labeling, phospho-peptide enrichment and LC/MS/MS. Tandem Mass Tag (TMT)11-plex Isobaric 

Label Reagent Set (Thermo Fisher) were used to label peptides form each condition following 

manufacturer’s protocol. Briefly, dried peptide samples were resuspended in 100mM of 

triethylammonium bicarbonate (TEAB) (Sigma-Aldrich) to 1µg/µL. Then, 0.2mg TMT reagents 

were mixed with 50µg of peptide samples at 4:1 (wt/wt) ratio and incubated at room temperature 

for one hour. Following incubation, each TMT reaction was quenched with 2µL of 5% 

hydroxylamine (Sigma-Aldrich) for 15 minutes at room temperature. Labeled samples were 

pooled together at equal ratio and then speed-vacuum dried. Desalting was then performed to 
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purify salt-free TMT-label peptide samples. Phosphopeptides-enrichment were conducted using 

Ni-NTA magnetic agarose beads (Qiagen). Briefly, 138µl of Ni-NTA magnetic agarose beads 

were washed three times with 400µl of ultrapure nuclease-free water, and then incubate with 400µl 

of 100nM EDTA for 30 minutes. After three times wash with 400µl of ultrapure nuclease-free 

water, the beads were incubated with 100nM FeCl3 for 30 minutes. Then beads were washed three 

times with 400µl of ultrapure nuclease-free water and one time with 400µl of 80% Acetonitrile - 

0.1% trifluoroacetic acid. 550µg TMT-labeled peptides were resuspended in 550µl of 80% 

Acetonitrile - 0.1% trifluoroacetic acid and added to the Fe-activated beads, rotating for 30 

minutes. After capture, the supernatant was saved for analysis of unphosphorylated peptides and 

phosphopeptides were eluted using 50µl of 1.4% of ammonia hydroxide solution followed by 

another 50 µl of ultrapure nuclease-free water. 

 

Enriched phosphopeptides were separated into 9 fractions by high pH reverse phase liquid 

chromatography (RPLC) using a home-made C18 column (200 µm x 30cm bed volume, Waters 

BEH 130 5µm resin) from 11%-32% acenotritile-20mM ammonium formate (pH=10) at flow rate 

of 5µl/minute. Each fraction was then loaded onto a home-made trap column (200 µm x 5 cm bed 

volume) packed with POROS 10R2 10µm resin (Applied Biosystems), followed by a home-made 

analytical column (75µm x 25cm bed volume) packed with Reprosil-Pur 120 C18-AQ 1.9µm 

particles (Dr. Maisch) with integrated Picofrit nanospray emitter (New Objective). LC-MS 

experiments were performed on a Thermo Fisher Ultimate 3000 RSLCNano UPLC system that 

ran a 3hr gradient (11%-38% acetonitrile-0.1% formic acid) at 70nl/min, coupled to a Thermo 

QExactive HF quadrupole-Orbitrap mass spectrometer. A parent ion scan was performed using a 

resolving power of 120,000 and then up to the 30 most intense peaks were selected for MS/MS 
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(minimum ion counts of 1000 for activation), using higher energy collision induced dissociation 

(HCD) fragmentation. Dynamic exclusion was activated such that MS/MS of the same m/z (within 

a range of 10ppm; exclusion list size=500) detected twice within 5s were excluded from analysis 

for 30s. 

Data analysis. LC-MS data were searched against a UniProt human protein database (Ver 2017-

06, 42,173 entries) for protein identification and quantification by Protein Discover software 

(Thermo). From 300,970 MS/MS spectra acquired in all 9 fractions, 84,496 peptide-to-spectrum 

matches (PSMs), 20,443 unique peptide groups (with Peptide FDR < 0.01), and 4,732 unique 

proteins (Protein FDR < 0.01) were identified. Among the identified peptide groups, 17,127 hits 

were phosphopeptides. The density of these phosphopeptides was normalized by total TMT 

reporter intensity values from a separate LC/MS/MS run of the phosphoenrichment flow-through. 

Phosphopeptide fold change between JMS-053 and JMS-038 for both cell lines was calculated, 

and the mean value of TMT reporter intensity for each phosphopeptide was calculated as well. 

These values were then uploaded to Perseus software to generate Significance B values. 

 

Functional enrichment analysis of enriched phospho-proteins 

Phospho-peptide intensities for all samples were filtered for <50% coefficient of variation (Rfast 

v.1.9.9). Phospho-peptides enriched after short-term treatment with JMS-053, with a 

treatment/control phospho-peptide intensity fold change > 1.5, were determined and the 

corresponding phospho-proteins were subjected to functional enrichment analysis. Using the 

package gProfiler2 (v0.1.9), The gost() function was applied to determine enriched gene sets from 

GO cellular component processes with FDR<0.05.  

 



 83 

Development of anti-ROBO1 antibodies  

Generation of anti-ROBO1 single-domain antibodies. Camelid single-domain antibodies were 

raised by llama immunization and phage display essentially as previously described (Arbabi 

Ghahroudi et al., 1997; Baral et al., 2013). A phage-displayed heavy chain (VHH) library was 

constructed from the peripheral blood B-cell repertoire of a llama immunized with recombinant 

human ROBO1-Fc (8975-RB-050, R&D Systems, Minneapolis, MN). Antigen-reactive VHH-

phage were enriched by panning against ROBO1-Fc with subtraction on Fc alone.  

Antibody expression, purification and validation. Monomeric single-domain antibodies bearing 

His6 and biotin acceptor peptide tags were expressed in the periplasm of Escherichia coli BL21 

(DE3) cells, enzymatically biotinylated in vitro using BirA(Fairhead and Howarth, 2015), and 

purified by immobilized metal affinity chromatography followed by size exclusion 

chromatography (Superdex 75 Increase 10/300 GL, GE Healthcare, Chicago, IL). ROBO1 

extracellular domain (NP_598334.1 aa 1–858) and ROBO1 Ig1-Ig2 domains (NP_002932.1 aa 

61–266) were produced by transient transfection of HEK293-6E cells with pTT3/pTT5 vectors 

and antibody binding to these proteins was assessed by indirect titration ELISA. The affinities and 

kinetics of the interactions between monomeric single domain antibodies and human ROBO1 

(25°C, pH 7.4) were determined using surface plasmon resonance. ROBO1 and other proteins 

were immobilized on a sensor chip CM5 (GE Healthcare) by amine coupling and antibodies were 

flowed over the antigen surfaces on a Biacore T200 instrument (GE Healthcare). Data from multi-

cycle kinetic analysis were fit to a 1:1 binding model. 

Generation of human Fc-linked MKRo-20 (MKRo-20-hFc). The encoding sequence of MKRo20 

was codon optimized (Gene Art, ThermoFisher Scientific) and cloned into pTT5-hIgG1. Bivalent 

VHH-human IgG1 Fc fusions were produced by transient transfection of HEK293-6E cells 
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followed by protein A affinity chromatography as described previously (Durocher et al., 2002; 

Zhang et al., 2009). The same procedure was applied for the generation of A20.1 (AXX-hFc), a 

VHH specific for clostridium difficile toxin A (Hussack et al., 2011) used as negative control 

(Durocher et al., 2002; Zhang et al., 2009). The same procedure was applied for the generation of 

A20.1 (AXX-hFc), a VHH specific for clostridium difficile toxin A (Hussack et al., 2011) used as 

negative control. 

Flow cytometry validation of MKRo-20-hFc binding to recurrent tumor cells. Cells were 

dissociated using Liberase (Millipore Sigma no. 5401127001) and DNase I (Worthington 

Biochemical Corporation no. 9003-98-9) into a single cell suspension. After washing once with 

PBS, cells were resuspended in PBS. To quantify ROBO1 expression on the cell surface, 500,000 

live cells were stained with 0.002 mg/mL anti-ROBO1 mouse-anti-human IgG1-AF647 (R&D 

Systems no. FAB71181R) or various concentrations of MKRo-20-hFc (3.4e-05 to 1.1e-03 mg/mL) 

for 15 minutes at room temperature. Equivalent concentrations of the isotypic control (AXX-hFc) 

for MKRo-20-hFc were also used to stain cells. Following staining, cells were washed with PBS, 

followed by staining with 1/1000 dilution of anti-human IgG Fcγ-specific AF488 (Jackson 

ImmunoResearch no. 109-545-008) for 30 minutes on ice. After washing with PBS, cells were 

stained with 1/100 7-AAD viability dye (Beckman Coulter no. B88526). Samples were run on a 

CytoFLEX LX (Beckman Coulter), and data was analyzed using analysis software Kaluza 2.0 

(Beckman Coulter). Forward scatter (FSC)-Area vs. side scatter (SSC)-Area is used as the initial 

gate to exclude debris. Viability gate is set to exclude non-viable cells by gating on the 7-AAD 

negative population. Isotype control AXX-hFc is used to set the gate for expression of ROBO1, 

where gate is drawn to separate ROBO1-positive cells from non-specific binding of AXX-hFc. 
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In  vivo validation of MKRo-20 in recurrent GBM  

Immunocompromised mice were intracranially injected with 250,000 live cells/mouse of recurrent 

BT241 tumor cells. Six days post injection, mice were administered four intracranial treatments of 

40 µg tetrameric MKRo-20 (n = 4) or 40 µg tetrameric control (n = 4) spaced evenly over 2 weeks. 

One week after the last treatment (27 days post injection), mice were euthanized, brains were 

collected, fixed with formalin and subjected to paraffin-embedding for hematoxylin and eosin 

(H&E) staining.  

 

Statistical analysis 

All experimental data is accompanied by number of experimental experiments in the figure legends 

or text. Unless stated otherwise, statistical significance was assessed using an unpaired Student’s 

t-test. In all cases otherwise states, *** p<0.0001, ** p<0.001, *p<0.05. Statistical analyses were 

performed using the R language programming environment. 

 

Data and code availability statement 

All processed data is included in the manuscript and supplemental materials. Raw sequencing data 

(i.e. FASTQ files) will be uploaded to an appropriate online database prior to publication. All 

custom code will be made available via GitHub. 

 

Biological material availability statement 

All unique biological materials are available upon request from corresponding authors. 
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Supplementary Figures 
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Figure S1. Quality control analysis of screens in primary GBM models, Related to Figure 1. 

(A) Gene-level LFC of CEGs (Behan et al., 2019; Hart et al., 2017) and non-essential genes (Hart 

et al., 2017) across screens in primary tumor cells. All data presented from n  = 3 biologically 

independent replicates. P values are from unpaired Student’s t tests.  

(B) Precision-recall plots indicate high performance of screens in primary tumor cells.  

(C) Number of essential genes (FDR < 0.05) identified in primary GBM screens.  

(D) Number of cGIs identified in BT594 (left) or BT935 (right) cells treated with RT and/or TMZ 

(FDR < 0.05).  

(E) Pearson correlation matrices of cGI Z scores between TMZ-treated screens on primary tumor 

cells, as well as screens from (Toledo et al., 2015) and (MacLeod et al., 2019). Data presented with 

(left) and without (right) filtering for genes that fall into the top or bottom 5% of Z scores in least 

one screen.  

(F) Negative and positive cGIs of mono therapy (RT or TMZ) identified in BT594 (left 2 panels) 

and BT935 (right 2 panels) cells. Significant positive (yellow) and negative (blue) cGIs (FDR < 

0.1) highlighted. Node color represents the overlap of significant cGIs between monotherapy-

treated screens (sublethal RT or TMZ), while node size corresponds to the absolute normalized Z 

score of cGIs of combination treatment. Top 10 positive and negative cGIs, according to 

normalized Z score, are labelled. 
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Figure S2. Quality control analysis of screens in patient-matched primary and recurrent 

GBM models, Related to Figure 2. 

(A) Gene-level LFC of CEGs and non-essential genes from CRISPR screen in BT972 tumor cells. 

All data presented as the mean of three biologically independent replicates. P values are from 

unpaired Student’s t tests.  

(B) Precision-recall plots indicate performance of CRISPR screen in BT972 tumor cells.  

(C) Number of cell-line-specific and core essential genes (FDR < 0.05) in patient-matched tumor 

cells.  

(D) Venn diagram of essential genes (FDR < 0.05) in BT594 and BT972 tumor cells. Overlap with 

CEG sets shown.  

(E) Enrichment of GO biological process, molecular function and Reactome terms among genes 

that show decreased or increased level of essentiality in BT972 tumor cells(FDR < 0.05), relative 

to DMSO-treated BT594 tumor cells. FDR-adjusted P values derived from gProfiler (Reimand et 

al., 2007). 

(F) Gene-level LFC in BT972 tumor cells compared to drug-treated or DMSO-treated BT594 

tumor cells. Data presented as the mean from three biologically independent replicates; Pearson 

correlation coefficients and resulting P values indicated with linear correlation line.  
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Figure S3. Impact of driver mutations on tumor cell fitness in primary and recurrent GSCs, 

Related to Figure 2.  

Superimposed gene-level LFC values from functional genetic screens on primary (blue) and 

recurrent (red) GSCs. Mutational status shown on right with color indicating type of mutation 

(point, frameshift, transcriptional or splicing variant). Genes separated into two sections according 

to their functional contribution to primary and recurrent GSCs.  
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Figure S4. Quality control and overlap analyses of screens in recurrent GBM models, 

Related to Figure 4.  

(A)  Gene-level LFC of CEGs (Behan et al., 2019; Hart et al., 2017) and non-essential genes (Hart 

et al., 2017) from a CRISPR screen in BT241 tumor cells. All data presented as means from three 

biologically independent replicates. P values are from unpaired Student’s t tests.  

(B) Precision-recall plots indicate performance of CRISPR screen in BT241 tumor cells.  

(C) Number of cell line-specific and core essential genes (FDR < 0.05) in BT241 tumor cells.  

(D) Venn diagram of essential genes (FDR < 0.05) in recurrent tumor cells, stratified into essential 

genes specific to each cell line or belonging to CEG sets. 

 

  



 94 

  

HF7450
U5

CB660
HF6562

BT935
G440NS

BT594
G477NS
G432NS

1502
G472NS
G510NS

0827
G549NS

0131
G361NS
G564NS
G583NS
G523NS

BT972
BT241

−20 0 20 40 60
BF

SOX2

HF7450
CB660

U5
HF6562

BT594
G549NS

BT935
G583NS

0827
1502
0131

G523NS
G564NS
G477NS
G432NS
G440NS
G472NS
G510NS
G361NS

BT241
BT972

−10 0 10 20
BF

PTP4A2

HF6562
HF7450

U5
CB660

G477NS
G361NS
G564NS
G472NS

BT935
G432NS
G549NS
G523NS
G440NS
G510NS

0131
0827
1502

G583NS
BT594
BT972
BT241

−20−10 0 10
BF

KPNA2

U5
HF6562
HF7450
CB660

G361NS
G472NS

0131
G440NS

BT935
G477NS
G432NS

1502
G564NS
G583NS
G510NS
G549NS

BT594
G523NS

0827
BT972
BT241

−100 102030
BF

OXA1L

HF7450
CB660

HF6562
U5

G583NS
1502
0827
0131

BT594
BT935

G432NS
G549NS
G523NS
G510NS
G440NS
G477NS
G361NS
G564NS
G472NS

BT972
BT241

−30−20−10 0 10
BF

CCDC47

CB660
U5

HF6562
HF7450

BT594
BT935

G472NS
G440NS

0131
G432NS
G361NS
G549NS

1502
0827

G510NS
G523NS
G477NS
G583NS
G564NS

BT972
BT241

−20 0 20 40
BF

MALSU1

HF6562
U5

HF7450
CB660

0131
G510NS
G583NS
G472NS
G361NS
G564NS

BT594
G523NS

BT935
1502

G477NS
0827

G432NS
G440NS
G549NS

BT972
BT241

−20 0 20
BF

SLC38A2

HF7450
HF6562

U5
CB660

G583NS
G549NS

BT594
G432NS

BT935
G523NS
G477NS
G361NS
G564NS
G510NS

0131
1502
0827

G440NS
G472NS

BT972
BT241

−20 0 20
BF

DCAF13

HF6562
HF7450

U5
CB660
BT594

G472NS
G361NS
G510NS
G440NS
G549NS
G564NS
G432NS

BT935
G477NS

0827
1502
0131

G523NS
G583NS

BT241
BT972

−20 0 20 40
BF

BAZ1B

HF6562
HF7450

U5
CB660
BT594

G472NS
G523NS
G477NS
G440NS
G432NS

BT935
G583NS
G510NS
G549NS

1502
G361NS

0131
0827

G564NS
BT241
BT972

−50−25 0 25
BF

NFIB

HF6562
HF7450

U5
CB660

G361NS
G510NS
G432NS

BT594
BT935

G583NS
G549NS
G477NS
G472NS
G564NS
G440NS

1502
0827

G523NS
0131

BT241
BT972

−20−10 0 10 20
BF

SLC25A19

HF6562
HF7450

U5
CB660
BT594

G583NS
G564NS
G472NS
G361NS
G440NS
G549NS
G510NS

BT935
1502

G523NS
0131

G432NS
G477NS

0827
BT972
BT241

−20 0 20
BF

CENPO

U5
CB660

HF7450
HF6562
G583NS

0131
G564NS
G472NS
G440NS

1502
G510NS

0827
BT935

G361NS
G523NS
G549NS

BT594
G477NS
G432NS

BT241
BT972

−20−10 0 10 20
BF

DLGAP5

P = 0.39
P = 0.93

P = 0.36

P = 0.016
P = 0.96

P = 0.022

P = 1.3e-06
P = 0.84

P = 0.003

P = 0.57
P = 0.19

P = 0.13

P = 2e-06
P = 0.26

P = 0.0049

P = 0.76
P = 0.32

P = 0.26

P = 0.2
P = 0.92

P = 0.18

P = 5.1e-05
P = 0.82

P = 0.013

P = 0.12
P = 0.008

P = 0.0097

P = 0.0059
P = 0.72

P = 0.017

P = 0.03
P = 0.77

P = 0.051

P = 0.022
P = 0.62

P = 0.39

P = 0.22
P = 0.73

P = 0.22



 95 

Figure S5. Essentiality of 13 top genes in primary GBM, recurrent GBM and neural stem 

cell models, Related to Figure 4.  

For each labelled gene, dot plots of cell line BF scores are presented from recurrent tumor cells 

(green), primary tumor cells (red) and neural stem cells (blue). Data are presented as means from 

three biologically independent replicates; pairwise cell-type comparisons conducted using 

unpaired Student’s T-tests.  
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Figure S6. Impact of PTP4A2 expression on tumor grade and patient survival, Related to 

Figure 4. 

(A, B) PTP4A2 expression in (A) The Cancer Genome Atlas (TCGA) and (B) the Chinese Glioma 

Genome Atlas (CGGA), stratified by tumor grade. Boxes indicate 25th, 50th and 75th percentile 

while the whiskers extend to 1.4 times the IQR; P values from unpaired Wilcoxon Rank-Sum test.  

(C, D) Kaplan-Meier survival analysis of glioma patients stratified by median PTP4A2 expression 

from (C) TCGA and (D) CGGA. P value from log-rank (Mantel-Cox) test. 
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Figure S7. Phospho-proteomic and transcriptomic analysis supporting data, Related to 

Figures 5 and 6.  

(A) Violin plot depicting  percent coefficient of variance (%CV) in phospho-peptide intensities 

from replicates of BT594 and BT972 tumor cells treated with JMS-053 for 5 or 30 min, as 

compared to JMS-038 treatment.  

(B) Phospho-peptide intensity ratios (JMS-053/JMS-038) from BT594 and BT972 tumor cells 

treated with JMS-053 for 5 or 30 min, as compared to JMS-038 treatment. Data presented for 

phospho-peptides with ratio > 1.5 and %CV < 50; number of enriched phospho-peptides indicated 

for each sample. 

(C-D) Venn diagrams of phospho-peptides (C) and corresponding phospho-proteins (D) enriched 

in JMS-053-treated tumor cells (5 or 30 min) as compared to JMS-038 treatment. A JMS-053/JMS-

038 phospho-peptide intensity ratio > 1.5 is used to classify enrichment. 

(E-F) Volcano plots of LFC (knockout/control) in (E) BT972 and (F) BT594 tumor cells with 

PTP4A2 knockout (2 gRNAs) as compared to AAVS1 knockout (1 gRNA, control). DEGs with 

|fold change| > 2 and adjusted P < 0.05 considered significant. Genes annotated to axon guidance 

that overlap with significant DEGs in each cell line are highlighted. 
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Figure S8. ROBO1 in patient tissue specimens and MKRo-20 validation, Related to Figure 

7.  

(A) Comparison of ROBO1 expression (transcripts per million, TPM) in GBM tumor specimens 

(TCGA) and non-tumor specimens (Genotype-Tissue Expression, GTEx). Adjusted P value is 

from genome scale LIMMA comparison of all protein coding genes.  

(B) Size exclusion chromatography profile (Superdex 75 Increase 10/300 GL) of MKRo-20. 

(C) Binding of MKRo-20 to full-length ROBO1 extracellular domain (ECD) and Ig1-Ig2 domains. 

Polyclonal llama immune serum (1:16000 dilution, detected using a goat anti-llama-HRP 

secondary antibody) served as a positive control. 

(D) Gating parameters for flow cytometric analysis of MKRo-20-hFc binding to recurrent GBM 

cells, including debris exclusion, doublet exclusion and gating for live cells using 7-AAD viability 

dye.  

(E) Non-specific binding analysis of a secondary anti-human IgG Fcγ-specific AF488 antibody to 

recurrent GBM cells. 

(F) Anti-ROBO1 staining analysis of a commercial anti-ROBO1-AF647 antibody to recurrent 

GBM cells. 
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Table S1. Clinical and mutational analysis of GBM models. 

Table S2. Normalized gRNA read counts for all 10 genome-wide CRISPR-Cas9 screens (n = 10). 

Table S3. Bayes Factor (BF) scores of gRNAs for all untreated primary and recurrent GBM 

models (n = 4). 

Table S4. DrugZ scores for all drug-treated screens in primary GBM models (n = 6). 

Table S5. Results of enrichment analyses presented in Figures 1, 2, and 3.  

Table S6. Mutational analysis of primary (BT594) and recurrent (BT972) GSCs. 

Table S7. Differential expression analysis at transcript and protein levels in primary (BT594) and 

recurrent (BT972) GSCs. 

Table S8. Gene-level fitness effects of fitness trends in primary (BT594) and recurrent (BT972) 

GSCs. 

Table S9. Phospho-proteomic analyses of primary (BT594) and recurrent (BT972) GSCs treated 

with JMS-038 or JMS-053. 

Table S10. Transcript-level differential expression analyses in primary (BT594) and recurrent 

(BT972) GSCs with knockout of AAVS1 (control) and PTP4A2.  
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Conditional genetic interactions are treatment- and model-specific in primary GBM 

To systematically identify genetic determinants of treatment resistance, we conducted pooled, 

genome-wide CRISPR-Cas9 loss-of-function screens in treatment-naïve and patient-derived 

primary GSC (BT594 and BT935) models that were treated with RT and/or TMZ (Figure 5A, 

Table S1). We infected cells with the genome-wide Toronto KnockOut version 3.0 (TKOv3) 

pooled guide RNA (gRNA) library targeting 18,053 human protein-coding genes with an average 

of four gRNAs per gene (Hart et al., 2017). Following infection and selection of transduced 

populations, in which each gRNA was represented in ~250 distinct cells, we subjected cells to the 

following four conditions: vehicle control (DMSO); sublethal RT; sublethal TMZ; or sublethal 

combination therapy. Populations were sampled over ~15-18 doublings and genomic DNA from 

these samples was subjected to gRNA barcode sequencing (Table S2). Strong depletion of gRNA 

barcodes targeting reference core essential genes (CEGs) (Behan et al., 2019; Hart et al., 2017) 

and lack of depletion of guides targeting non-essential genes (Hart et al., 2017) indicate high 

precision and recall for each of the treatment conditions, with an average of ~2,700 essential genes 

identified per condition (Figures S9A-S9C, Table S2; false discovery rate (FDR) < 0.05). 

Application of the drugZ algorithm (Colic et al., 2019) identified an average of 29 

conditional Genetic Interactions (cGIs) that significantly altered sensitivity to RT, TMZ or 

combination therapy in primary tumor cells (Figure S9D, Table S4; FDR < 0.05). Comparison of 

gene-level log2(fold change) (LFC) and drugZ values revealed little correlation among the top hits 

between different primary GBM models (Pearson correlation coefficient |R| ≤ 0.4), whereas drugZ 

scores correlated moderately across conditions within a model (Figures 5B and 5C; R = 0.64–0.81, 

FDR < 0.05). Less than 25% of cGIs were shared across different treatment arms within each cell 

line, indicating that condition-specific dependency profiles are relatively unique to both condition 
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and model (Figure 5D; FDR < 0.05). To determine if the lack of correlation across models was 

unique to BT594 and BT935, we compared our results to published data from six additional 

primary GSC models treated with sublethal doses of TMZ (MacLeod et al., 2019) and found little 

overlap among all eight cell lines with and without filtering for the top and bottom 5% of drugZ 

scores (R < 0.2; Figure S9E).  

Given the uniqueness of cGI profiles, we performed functional enrichment analysis (Yu et 

al., 2012) to determine if changes in gene fitness showed similar trends at the pathway level. 

Enrichment analysis categorized treatment- and model-specific cGIs into largely distinct gene sets, 

with a single instance of overlap between models (Figure 5E, Table S5; Adjusted P < 0.05). 

Response to combination treatment in both primary GBM models highlight cGIs involved in DNA 

repair (BT594: MSH2, PPP5C and TP53; BT935: POLR2L, FANCA, FANCD2, FANCF, FANCM 

and SLX4), supported by known roles of mismatch repair (MMR) deficiency (Touat et al., 2020) 

and a reliance on Fanconi anemia (FA) pathway (MacLeod et al., 2019) in acquired chemotherapy 

resistance. In keeping with pathway-level analysis, drugZ analysis of individual genes largely 

distinguishes the response to combination treatment from either monotherapy (RT or TMZ), with 

43/46 cGIs in BT594 and 67/99 cGIs in BT935 unique to combination treatment (Figures 5F, 5G 

and S9F; FDR < 0.1). These cGIs highlight well-established members of DNA repair pathways 

and cell cycle checkpoints (TP53, PMS2, CDC25A, CENPA), ATP-binding cassette drug 

transporter ABCC2, and other genes previously investigated in GBM progression (B4GALT3, 

EDN3, PHIP, RARRES1, UPF1, ABCC2, CD59, DIRAS3, DYNC1, EIF2AK3, LOXL1, MXD1). 

However, the vast majority of cGIs (129/145) from combination treatment have not previously 

been reported in GBM, including the E3 ligase HUWE1, Wnt ligand WNT9A, complement C5, and 

members of the spliceosome complex (LSM4, THOC7). In line with previous data, loss-of-function 
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of MSH2 is a precursor to combination therapy resistance, in keeping with frequent hypermutation 

and downregulation of MMR genes in gliomas and their association with a poor prognosis (Touat 

et al., 2020). A strong TP53 dependency was observed in BT594 tumor cells in response to 

combination treatment, wherein targeting of TP53 leads to treatment resistance, likely by 

increasing MYC activity to dedifferentiate to a stem-like state (Zheng et al., 2008). BT935 tumor 

cells, on the other hand, showed strong negative cGIs following TMZ monotherapy or combination 

treatment with members of the FA pathway (FANCA, FANCC, FANCD2, FANCF, and FANCM), 

indicating a reliance on the FA core complex to resolve stalled DNA replication forks induced by 

TMZ (Kim and D'Andrea, 2012). Thus, cGIs responding strongly to combination treatment are 

partially represented in responses to either monotherapy and implicate novel genes that have not 

been previously annotated in GBM, warranting further investigation of their role in treatment 

resistance and recurrence. 
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Figure 5. Genome-scale identification of conditional genetic interactions (cGIs) with 

radiation therapy (RT) and/or temozolomide (TMZ) in primary tumor cells.  

(A) Schematic for the identification of cGIs in treatment-naïve and patient-derived primary 

glioblastoma (GBM) models. For each cell line, tumor cells were infected with a genome-wide 

CRISPR-Cas9 gene knockout library (TKOv3) and exposed to DMSO, sublethal RT, sublethal 

TMZ or combination treatment (RT & TMZ) over 15-18 doublings. Guide RNA (gRNA) fold-

change and Z scores within cell populations at the beginning and end of each screen identified 

cGIs.  

(B) Pearson correlation of gene-level log2 fold change (ΔLFC) from all treated screens, presented 

with (right) and without (left) filtering for genes in the top and bottom 0.1%.  

(C) Pearson correlation of cGI (drugZ) scores from all treated screens, presented with (right) and 

without (left) filtering for genes with false discovery rate (FDR) < 0.05 in at least one screen.  

(D) Overlap of cGI subsets from all screens (drugZ FDR < 0.05). Combination of circles in top 

matrix indicate intersecting gene sets. 

(E) ClusterProfiler analysis of cGIs (drugZ FDR < 0.05) from all screens. Reactome gene sets 

enriched at an adjusted P < 0.05 are shown in the dot plot, with dot size corresponding to gene 

ratio and dot color indicating adjusted P values. Positive and negative cGIs responsible for the 

only overlapping enriched pathway (DNA Repair) are listed for each model. 

(F,G) Negative and positive cGIs of combination treatment (RT & TMZ) identified in (F) BT594 

and (G) BT935 tumor cells. The gene-level LFC in DMSO-treated and combination treatment-

treated primary tumor cells are shown, with significant positive (yellow) and negative (blue) cGIs 

(FDR < 0.1) highlighted. Node color represents the overlap of significant cGIs between 

monotherapy-treated screens (sublethal RT or TMZ), while node size corresponds to absolute 
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normalized Z score of cGIs of combination treatment. Top 10 positive and negative cGIs, 

according to normalized Z score, are indicated. 
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Figure S9. Quality control analysis of screens in primary GBM models, Related to Figure 5. 

(A) Gene-level LFC of CEGs (Behan et al., 2019; Hart et al., 2017) and non-essential genes (Hart 

et al., 2017) across screens in primary tumor cells. All data presented from n  = 3 biologically 

independent replicates. P values are from unpaired Student’s t tests.  

(B) Precision-recall plots indicate high performance of screens in primary tumor cells.  

(C) Number of essential genes (FDR < 0.05) identified in primary GBM screens.  

(D) Number of cGIs identified in BT594 (left) or BT935 (right) cells treated with RT and/or TMZ 

(FDR < 0.05).  

(E) Pearson correlation matrices of cGI Z scores between TMZ-treated screens on primary tumor 

cells, as well as screens from (Toledo et al., 2015) and (MacLeod et al., 2019). Data presented with 

(left) and without (right) filtering for genes that fall into the top or bottom 5% of Z scores in least 

one screen.  

(F) Negative and positive cGIs of mono therapy (RT or TMZ) identified in BT594 (left 2 panels) 

and BT935 (right 2 panels) cells. Significant positive (yellow) and negative (blue) cGIs (FDR < 

0.1) highlighted. Node color represents the overlap of significant cGIs between monotherapy-

treated screens (sublethal RT or TMZ), while node size corresponds to the absolute normalized Z 

score of cGIs of combination treatment. Top 10 positive and negative cGIs, according to 

normalized Z score, are labelled. 

  



 120 

References 

Behan, F.M., Iorio, F., Picco, G., Goncalves, E., Beaver, C.M., Migliardi, G., Santos, R., Rao, Y., 

Sassi, F., Pinnelli, M., et al. (2019). Prioritization of cancer therapeutic targets using CRISPR-

Cas9 screens. Nature 568, 511-516. 

Bhat, K.P.L., Balasubramaniyan, V., Vaillant, B., Ezhilarasan, R., Hummelink, K., Hollingsworth, 

F., Wani, K., Heathcock, L., James, J.D., Goodman, L.D., et al. (2013). Mesenchymal 

differentiation mediated by NF-kappaB promotes radiation resistance in glioblastoma. Cancer cell 

24, 331-346. 

Colic, M., Wang, G., Zimmermann, M., Mascall, K., McLaughlin, M., Bertolet, L., Lenoir, W.F., 

Moffat, J., Angers, S., Durocher, D., et al. (2019). Identifying chemogenetic interactions from 

CRISPR screens with drugZ. Genome Med 11, 52. 

DePristo, M.A., Banks, E., Poplin, R., Garimella, K.V., Maguire, J.R., Hartl, C., Philippakis, A.A., 

del Angel, G., Rivas, M.A., Hanna, M., et al. (2011). A framework for variation discovery and 

genotyping using next-generation DNA sequencing data. Nature genetics 43, 491-498. 

Hart, T., Tong, A.H.Y., Chan, K., Van Leeuwen, J., Seetharaman, A., Aregger, M., 

Chandrashekhar, M., Hustedt, N., Seth, S., Noonan, A., et al. (2017). Evaluation and Design of 

Genome-Wide CRISPR/SpCas9 Knockout Screens. G3 (Bethesda) 7, 2719-2727. 

Kim, H., and D'Andrea, A.D. (2012). Regulation of DNA cross-link repair by the Fanconi 

anemia/BRCA pathway. Genes & development 26, 1393-1408. 

Korber, V., Yang, J., Barah, P., Wu, Y., Stichel, D., Gu, Z., Fletcher, M.N.C., Jones, D., Hentschel, 

B., Lamszus, K., et al. (2019). Evolutionary Trajectories of IDH(WT) Glioblastomas Reveal a 

Common Path of Early Tumorigenesis Instigated Years ahead of Initial Diagnosis. Cancer cell 35, 

692-704 e612. 



 121 

MacLeod, G., Bozek, D.A., Rajakulendran, N., Monteiro, V., Ahmadi, M., Steinhart, Z., Kushida, 

M.M., Yu, H., Coutinho, F.J., Cavalli, F.M.G., et al. (2019). Genome-Wide CRISPR-Cas9 Screens 

Expose Genetic Vulnerabilities and Mechanisms of Temozolomide Sensitivity in Glioblastoma 

Stem Cells. Cell reports 27, 971-986 e979. 

Orzan, F., De Bacco, F., Crisafulli, G., Pellegatta, S., Mussolin, B., Siravegna, G., D'Ambrosio, 

A., Comoglio, P.M., Finocchiaro, G., and Boccaccio, C. (2017). Genetic Evolution of 

Glioblastoma Stem-Like Cells From Primary to Recurrent Tumor. Stem cells 35, 2218-2228. 

Qazi, M.A., Vora, P., Venugopal, C., McFarlane, N., Subapanditha, M.K., Murty, N.K., Hassell, 

J.A., Hallett, R.M., and Singh, S.K. (2016). A novel stem cell culture model of recurrent 

glioblastoma. Journal of neuro-oncology 126, 57-67. 

Toledo, C.M., Ding, Y., Hoellerbauer, P., Davis, R.J., Basom, R., Girard, E.J., Lee, E., Corrin, P., 

Hart, T., Bolouri, H., et al. (2015). Genome-wide CRISPR-Cas9 Screens Reveal Loss of 

Redundancy between PKMYT1 and WEE1 in Glioblastoma Stem-like Cells. Cell reports 13, 

2425-2439. 

Touat, M., Li, Y.Y., Boynton, A.N., Spurr, L.F., Iorgulescu, J.B., Bohrson, C.L., Cortes-Ciriano, 

I., Birzu, C., Geduldig, J.E., Pelton, K., et al. (2020). Mechanisms and therapeutic implications of 

hypermutation in gliomas. Nature 580, 517-523. 

Wang, J., Cazzato, E., Ladewig, E., Frattini, V., Rosenbloom, D.I., Zairis, S., Abate, F., Liu, Z., 

Elliott, O., Shin, Y.J., et al. (2016). Clonal evolution of glioblastoma under therapy. Nature 

genetics 48, 768-776. 

Wang, Q., Hu, B., Hu, X., Kim, H., Squatrito, M., Scarpace, L., deCarvalho, A.C., Lyu, S., Li, P., 

Li, Y., et al. (2018). Tumor Evolution of Glioma-Intrinsic Gene Expression Subtypes Associates 

with Immunological Changes in the Microenvironment. Cancer cell 33, 152. 



 122 

Yu, G., Wang, L.G., Han, Y., and He, Q.Y. (2012). clusterProfiler: an R package for comparing 

biological themes among gene clusters. OMICS 16, 284-287. 

Zehir, A., Benayed, R., Shah, R.H., Syed, A., Middha, S., Kim, H.R., Srinivasan, P., Gao, J., 

Chakravarty, D., Devlin, S.M., et al. (2017). Mutational landscape of metastatic cancer revealed 

from prospective clinical sequencing of 10,000 patients. Nature medicine 23, 703-713. 

Zheng, H., Ying, H., Yan, H., Kimmelman, A.C., Hiller, D.J., Chen, A.J., Perry, S.R., Tonon, G., 

Chu, G.C., Ding, Z., et al. (2008). p53 and Pten control neural and glioma stem/progenitor cell 

renewal and differentiation. Nature 455, 1129-1133. 

 

 

  



 123 

CHAPTER 3: ROBO1-specific CAR-T cells effectively target recurrent glioblastoma 

Preamble 

This chapter is an original manuscript describing the development and testing of a novel chimeric 

antigen receptor (CAR) T cell therapy for recurrent glioblastoma: 
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Abstract 

Over 1/3 of current clinical trials for glioblastoma (GBM) are evaluating efficacy of immune-

modulating agents. However, immunotherapies have yet to impact survival for the vast majority 

of GBM patients. Here, we show that axonal guidance member roundabout receptor 1 (ROBO1) 

is enriched at transcript- and protein-levels in GBM specimens, and shows consistent expression 

on the cell surface of GSC models. To target this GBM-enriched antigen, we developed anti-

ROBO1 CAR-T cells using camelid single-domain antibodies targeting human ROBO1. We 

developed a panel of novel camelid monomeric single-domain antibodies that specifically bind to 

human ROBO1 with high affinity, and these binders are translatable to an efficacious and ROBO1-

specific CAR-T modality. Our ROBO1-targeted CAR-T cell modality can be added to the existing 

and emerging repertoire of tumor-targeted immunotherapies. 
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Introduction 

Glioblastoma (GBM) remains the most common primary malignant brain tumor in adults. 

Despite advances in surgical resection in addition to aggressive chemoradiotherapy as standard of 

care (SoC), GBM patients inevitably relapse with a median overall survival of 12-18 months post-

diagnosis (Ostrom et al., 2021). Unchanged since the introduction of the alkylating agent 

Temozolomide (TMZ) as part of SoC (Stupp et al., 2005), conventional therapy fails to prevent 

tumor relapse with no standardized second-line therapy for recurrent GBM patients.  

 One of the foremost therapeutics under development for GBM is immunotherapies, with 

34% of current GBM clinical trials evaluating immune-modulating agents (Bagley et al., 2022). 

Of these immunotherapies, chimeric antigen receptor T (CAR-T) cells combine antibody-based 

recognition of tumor antigens with the cytotoxic activity of T lymphocytes, thereby mounting an 

anti-tumor response and circumventing antigen priming and presentation by major 

histocompatibility complex (Choi et al., 2018; Sampson et al., 2017). Although CAR-T cell 

therapies have achieved widespread clinical success against hematological malignancies (Maude 

et al., 2014), this is not the case for solid tumors including GBM due to tumor heterogeneity (Neftel 

et al., 2019; Patel et al., 2014), immune evasion by tumor cells (Jackson et al., 2019), and low 

mutational burden (Hodges et al., 2017). Despite these hurdles, the potential for CAR-T cell 

therapy for GBM was realized during an initial clinical trial of IL13Rɑ2-directed CAR-T cells that 

led to 77-100% decrease in tumor burden and 7.5 months of progression-free survival in a single 

patient with multifocal relapsed GBM (Brown et al., 2016a). In a separate study, EGFRvIII-

directed CAR-T cells led to 59 months of overall survival in a patient with recurrent GBM (Goff 

et al., 2019). However, the vast majority of GBM patients have yet to benefit from CAR-T cell 



 127 

efficacy largely due to target antigen heterogeneity, as noted in clinical studies (Brown et al., 

2016a; O'Rourke et al., 2017). 

  Roundabout (ROBO) receptors and their inhibitory secreted slit guidance ligands (SLITs) 

were identified for their role in providing repulsive cues for axonal extension during 

neurodevelopment (Seeger et al., 1993; Wu et al., 1999). In addition to axonal guidance and 

repulsion, SLIT/ROBO signaling also governs cellular polarity, cell adhesion via interactions 

between E-cadherin and β-catenin, and cell death during the development of the central nervous 

system (CNS) (Dickinson and Duncan, 2010; Ypsilanti et al., 2010). We and others have 

previously reported that glioblastoma stem cells (GSCs) drive tumorigenesis and treatment 

resistance by hijacking neurodevelopmental processes, and in turn, these GBM-enriched processes 

can be successfully targeted using small molecules and immunotherapies (Bao et al., 2006; 

Bruggeman et al., 2007; Manoranjan et al., 2020; Qazi et al., 2018; Singh et al., 2004; Venugopal 

et al., 2015; Vora et al., 2020; Zbinden et al., 2010). In keeping with this premise, ROBO/SLIT 

signaling has been shown to be dysregulated in GBM (Geraldo et al., 2021; Mertsch et al., 2008; 

Nguemgo Kouam et al., 2018; Yiin et al., 2009). During normal neurodevelopment, binding of 

secreted SLIT2 to ROBO1 leads to axon repulsion and inhibition of cell migration via SRGAP-

mediated CDC42 inactivation (Hu et al., 2005; Wong et al., 2001), in parallel to weakening N-

cadherin-mediated cell adhesion via phosphorylation of β-catenin by ABL (Rhee et al., 2007; Rhee 

et al., 2002). In a neoplastic context, SLIT2 promoter methylation and inactivation is frequently 

observed in gliomas (Dallol et al., 2003), whereas ROBO1 is highly expressed at transcript and 

protein levels (Liu et al., 2016b). In other solid tumor contexts, SLIT/ROBO interactions have 

been shown to regulate quintessential oncogenic pathways, including signaling by EGFR, VEGFR, 

mTOR and HER2 (Gara et al., 2015). Although the role of ROBO1-mediated signaling in GBM 
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is yet to be resolved, downregulation of SLIT2 may allow for aberrant ROBO1 expression that can 

be therapeutically advantageous for development of tumor antigen-specific immunotherapies.  

 Here, we sought to develop anti-ROBO1 CAR-T cells using camelid single-domain 

antibodies targeting human ROBO1. We optimized the design of anti-ROBO1 CAR-T cells and 

tested the anti-tumor activity of these modalities in in vitro using patient-derived recurrent GBM 

lines and orthotopic patient-derived xenograft models. Together, we present data to expand the 

repertoire of GBM-enriched antigens suitable for effective CAR-T cell therapy. 

Materials and Methods 

Derivation and culture of patient-derived brain tumour tissue 

Primary glioblastoma (GBM) specimens and whole fetal brain samples were obtained from 

consenting patients and families as approved by the Hamilton Health Sciences and McMaster 

Health Sciences Research Ethics Board. After washing with PBS, specimens were mechanically 

dissociated followed by enzymatic dissociation in PBS containing 0.013 mg/mL Liberase 

Thermolysin Research Grade (Millipore Sigma no. 5401020001) at 37°C for 15 minutes. 

Dissociated cells were isolated by filtration through a 70 µm cell strainer (Millipore Sigma no. 

CLS431751-50EA), centrifuges and subjected to red blood cell lysis using 0.8% ammonium 

chloride solution (STEMCELL Technologies no. 07850). SB2b was a kind gift from Professor 

Bryan Day (Sid Faithfull Brain Cancer Laboratory) and Dr. Brett Stringer from Royal Brisbane 

Hospital in Herston, Australia. Tumor cells and fetal human neural stem cells (NSCs) were grown 

and maintained in NeuroCult NS-A proliferation kit (Human) (STEMCELL Technologies no. 

05751), supplemented with 20 ng/mL EGF (STEMCELL Technologies no. 78006), 10 ng/mL FGF 

(STEMCELL Technologies no. 78003.2), 0.002% Heparin (w/v) (STEMCELL Technologies no. 

07980), 1X antibiotic/antimycotic solution (Wisent Bio Products no. 450-115-EL). For the first 
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two weeks of culture, patient-derived cells were treated for potential mycoplasma infection using 

1X MycoZap Prophylactic (Lonza no. VZA-2031). Cells were cultured on tissue culture-treated 

dishes, cell-repellent dishes (Greiner Bio no. 628979), or tissue culture-treated dishes coated with 

Poly-L-ornithine (Millipore Sigma no. P4957) and mouse Laminin (Corning no. 354232). All cells 

were maintained at 37 °C and 5% CO2. All cell lines were frequently tested for mycoplasma 

infection and, if needed, treated with additional 1X MycoZap for two weeks.  

Flow cytometric analysis of malignant and normal cells  

Cells were dissociated using TrypLE (ThermoFisher no. 12605010), resuspended in PBS with 

2mM EDTA (ThermoFisher no. AM9260G), and stained with AF647-conjugated mouse-anti-

human ROBO1 antibody (R&D Systems no. FAB71181R) or mouse IgG1 isotype control (R&D 

Systems no. IC002R). After incubation at room temperature for 15 minutes, samples were run on 

a CytoFLEX flow cytometer (Beckman Coulter). Dead cells were excluded using 7AAD the 

viability dye (1:10; Beckman Coulter, A07704). Compensation was performed using mouse IgG 

CompBeads (BD Biosciences, Cat#552843).  

ROBO1 knockout in GBM cells  

Guide RNAs targeting AAVS1 (5’-GGGGCCACTAGGGACAGGAT-3’) or ROBO1 (5’-

GAAGAAAGATGGCTCTCCAC-3’) were obtained from TKOv3(Hart et al., 2017) and cloned 

into the single-gRNA lentiCRISPRv2 construct (Addgene no. 52961). Sequences were verified 

using Sanger sequencing. Each construct was packaged independently into lentivirus using 

second-generation packaging constructs. Briefly, HEK293T cells were seeded into T-75 cm2 flasks 

at a density of 10 million cells per flask and cultured in high-glucose DMEM with 2mM L-

glutamine and 1mM sodium pyruvate supplemented with 1% non-essential amino acid solution 

and 10% fetal bovine serum. The following day, media was replaced with viral harvesting media 
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(HEK culture media supplemented with 10mM HEPES and 1mM sodium butyrate). Next, 8µg of 

transfer plasmid (lentiCRISPRv2, AAVS1 or ROBO1), 4.8µg of psPAX2 (Addgene), and 3.8µg 

of pMD2.G (Addgene) were mixed with polyethylenimin at a 1:3 ratio (m:m) in 1.3mL of Opti-

MEM. After complexing for 15 minutes at room temperature, the PEI/DNA mixture was 

transferred dropwise into the HEK293T-containing flasks. Viral supernatants were collected 24, 

48 and 72 hours after transfection, concentrated using ultracentrifugation (41832 x g for 2 hours 

at 4°C) and aliquoted and stored at -80°C.  

Development of anti-ROBO1 single domain antibodies  

Generation of anti-ROBO1 single-domain antibodies. Camelid single-domain antibodies were 

raised by llama immunization and phage display essentially as previously described (Arbabi 

Ghahroudi et al., 1997; Baral et al., 2013). A phage-displayed heavy chain (VHH) library was 

constructed from the peripheral blood B-cell repertoire of a llama immunized with recombinant 

human ROBO1-Fc (8975-RB-050, R&D Systems, Minneapolis, MN). Antigen-reactive VHH-

phage were enriched by panning against ROBO1-Fc with subtraction on Fc alone.  

Antibody expression, purification and validation. Monomeric single-domain antibodies bearing 

His6 and biotin acceptor peptide tags were expressed in the periplasm of Escherichia coli BL21 

(DE3) cells, enzymatically biotinylated in vitro using BirA(Fairhead and Howarth, 2015), and 

purified by immobilized metal affinity chromatography followed by size exclusion 

chromatography (Superdex 75 Increase 10/300 GL, GE Healthcare, Chicago, IL). ROBO1 

extracellular domain (NP_598334.1 aa 1–858) and ROBO1 Ig1-Ig2 domains (NP_002932.1 aa 

61–266) were produced by transient transfection of HEK293-6E cells with pTT3/pTT5 vectors 

and antibody binding to these proteins was assessed by indirect titration ELISA. The affinities and 

kinetics of the interactions between monomeric single domain antibodies and human ROBO1 
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(25°C, pH 7.4) were determined using surface plasmon resonance. ROBO1 and other proteins 

were immobilized on a sensor chip CM5 (GE Healthcare) by amine coupling and antibodies were 

flowed over the antigen surfaces on a Biacore T200 instrument (GE Healthcare). Data from multi-

cycle kinetic analysis were fit to a 1:1 binding model. 

Design and cloning of CAR-T constructs  

Human anti-ROBO1 (XRo and MKRo20) single domain binder sequences were cloned into a 

second-generation lentiviral CAR vector. The CAR construct consisted of a human EF1α promoter 

followed by a CD8a signaling domain, human ROBO1 scFv, 45 or 50 amino acid CD8a hinge 

region, CD28 transmembrane/costimulatory domain, CD3ζ cytoplasmic signalling domain, T2A 

self-cleavage peptide sequence, and truncated human EGFR sequence.  

Lentivirus packaging, production and enrichment of CAR-T cells 

Generation of CAR lentivirus. Each CAR construct was packaged independently into lentivirus 

using third-generation packaging constructs. Briefly, HEK293T cells were seeded into T-75 cm2 

flasks at a density of 10 million cells per flask and cultured in high-glucose DMEM with 2mM L-

glutamine and 1mM sodium pyruvate supplemented with 1% non-essential amino acid solution 

and 10% fetal bovine serum. The following day, media was replaced with viral harvesting media 

(HEK culture media supplemented with 10mM HEPES and 1mM sodium butyrate). Next, 10.6µg 

of transfer plasmid (XRo-50 or MKRo20-50 CAR vector), 5.3µg of Gag/Pol (Addgene), 2.6µg of 

Rev (Addgene) and 2.6µg of VSVg (Addgene) plasmids were mixed with polyethylenimin at a 

1:3 ratio (m:m) in 1.3mL of Opti-MEM. After complexing for 15 minutes at room temperature, 

the PEI/DNA mixture was transferred dropwise into the HEK293T-containing flasks. Viral 

supernatants were collected 24, 48 and 72 hours after transfection, concentrated using 

ultracentrifugation (41832 x g for 2 hours at 4°C), aliquoted into XSFM () and stored at −80°C. 
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Generation of CAR-T cells. Peripheral blood mononuclear cells (PBMCs) from consenting healthy 

blood donors in XSFM media (Irvine Scientific, Cat#91141) were activated with human T cell 

Transact (Miltenyi Biotec no. 130-111-160) in a 96-well round bottom plate with 100U/mL rhIL-

2 (Peprotech, Cat#200-02). Twenty-four hours after activation, T cells were transduced with 

lentivirus at an MOI of ~1. T cell cultures were expanded into fresh media (XSFM media 

supplemented with 100U/mL rhIL-2) as required for 12–15 days prior to experimentation. 

Untransduced T cells were used as controls.  

Enrichment of CAR-T cells. 10-12 days after activation, CAR-T cells were isolated using a biotin-

conjugated human EGFR antibody (R&D Systems no. FAB9577B) and magnetic positive 

selection (STEMCELL Technologies no. 17663) according to the manufacturers protocol. 

Efficiency of transduction was determined using flow cytometry for EGFR expression. T cells 

were stained with AF488-conjugated mouse-anti-human EGFR antibody (R&D Systems no. 

FAB9577G) or mouse IgG1 isotype control (R&D Systems no. IC002G). After incubation at room 

temperature for 15 minutes, samples were run on a CytoFLEX flow cytometer (Beckman Coulter). 

Dead cells were excluded using 7AAD the viability dye (1:10; Beckman Coulter, A07704). 

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

CAR-T cell cytotoxicity, activation, proliferation and cytokine release assays 

Bioluminescence cytotoxicity. Luciferase-expressing GBM cells at a concentration of 20,000 

cells/well were plated in flat-bottom, tissue culture-treated 96–well plates in triplicates. In order to 

establish the bioluminescence (BLI) baseline reading and to ensure equal distribution of target 

cells, D-firefly luciferin potassium salt (100 mg/mL) was added to the wells and measured with a 

luminometer for 10s (Omega). Subsequently, effector cells were added at 2:1, 1:1, 0.5:1, 0.25:1 

and 0:1 effector-to-target (E:T) ratios. Cell lysis controls were treated with 1% Nonidet P-40 
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(NP40, ThermoFisher no. 8379) to measure maximal lysis, while target cells incubated without 

effector cells were used to measure spontaneous death. Cells were incubated at 37 °C, 5% CO2, 

and BLI was measured for 10s every 6 hours over a span of 72 hours with a luminometer as relative 

luminescence units (RLU). The readings from triplicates were averaged and percent viability was 

normalized to the UTD controls.  

Fluorescence cytotoxicity and microscopy. Assays were set up similar to bioluminescence 

cytotoxicity. Wild type GBM cells were used as target cells, and a fluorescent nucleic acid stain 

(SYTOX green nucleic acid stain, ThermoFisher no. S7020) was added to coculture media 

according to the manufacturer’s instructions. Cells were incubated at 37 °C, 5% CO2 in a 

fluorescent and microscopy imaging incubator (Incucyte, Sartorius) for 24 hours, imaging every 4 

hours. The fluorescent signal was used as a measure of cell death.  

Activation. CAR-T cells (XRo or MKRo20) or untransduced T cells were co-cultured with target 

cells at a 1:1 ratio for 24 hours. T cells were stained for CD3 with PE-Cy7-conjugated mouse-anti-

human CD3 antibody (BD Biosciences no. 563423), and CD3+ T cells were analyzed for 

activation markers CD25 (PE-conjugated mouse-anti-human CD25 antibody, BD Biosciences no. 

555432) and CD69 (APC-conjugated mouse-anti-human CD25 antibody, BD Biosciences no. 

555533) by flow cytometry using a CytoFLEX flow cytometer (Beckman Coulter). Dead cells 

were excluded using 7AAD the viability dye (1:10; Beckman Coulter, A07704). Compensation 

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

Proliferation. CAR-T cells (XRo or MKRo20) or untransduced T cells were co-cultured with target 

cells at a 1:1 ratio for 24 hours. Cells were then collected and CD3+ T cells were sorted into flat-

bottom, TC-treated 96 well plates in XSFM and incubated for 3 days at 37 °C, 5% CO2. 
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Proliferation was analyzed using the Presto Blue assay (ThermoFisher no. A13261) according to 

the manufacturer’s instructions.  

Cytokine release. CAR-T cells (XRo or MKRo20) or untransduced T cells were co-cultured with 

target cells at a 1:1 ratio for 24 hours. Supernatants were collected and stored at -80 °C. The DuoSet 

ELISA human IFN-gamma (R&D Systems no. DY285B) and human TNF-alpha (R&D Systems 

no. DY210) kits were used for quantification of cytokines, according to manufacturer’s 

descriptions.  

Results 

ROBO1 is enriched on the cell surface of GBM cells 

In accordance with previous histological and transcriptomic studies (Liu et al., 2016b), we 

find that ROBO1 expression is enriched in GBM and low grade glioma specimens profiled by The 

Cancer Genome Atlas (TCGA) (Cancer Genome Atlas Research et al., 2013b), as compared to 

region-matched normal brain tissue (Figures 1A and 1B; Log2 fold change or LFC > 1.5 and P < 

0.01). In addition, ROBO1 expression is also enriched in diffuse large B-cell lymphoma, 

thymomas, liver hepatocellular carcinoma, and adenocarcinomas of the pancreas and stomach 

(Figure 1A; Log2 fold change or LFC > 1.5 and P < 0.01). To corroborate these findings at the 

protein level, we queried expression of ROBO receptors (ROBO1, ROBO2, ROBO3 and ROBO4) 

and SLIT ligands (SLIT1, SLIT2 and SLIT3) in a dataset of 52 primary and 65 recurrent GBM 

specimens analyzed using whole cell proteomics (Tatari et al., Under revision at Acta 

Neuropathologica). Protein levels of ROBO1, ROBO2 and SLIT1 were detected in GBM 

specimens, with the greatest enrichment seen in ROBO1 levels (ROBO1-ROBO2 P = 1.1E-13, 

ROBO1-SLIT1 P = 1.7E-11). Other ROBO receptors and SLIT ligands were undetected in this 

dataset, which is consistent with previous literature on SLIT2 promoter methylation in glioma 
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tissues (Dallol et al., 2003). Comparison between primary (n = 52) and recurrent (n = 65) GBM 

specimens showed no significant difference in protein levels of ROBO1, ROBO2 and SLIT1 

(Figure 1D; P >0.05). Using patient-derived GSC models, we found that ROBO1 is enriched on 

the cell surface of pre-treatment primary GSCs (54.08-98.52% ROBO1+; n = 6) and post-SoC 

recurrent GSCs (46.88-96.57% ROBO1+; n = 6), as compared to normal human astrocytes (9.38% 

ROBO1+; Figures 1E and 1F).  

Given the consistent expression across GSC models, we wondered whether ROBO1 

expression is enriched in other malignant brain tumors. Surprisingly, ROBO1 is expressed on the 

cell surface of adult lung-to-brain metastases initiating cells (43.67-98.73% ROBO1+; n = 2) and 

pediatric group 3 medulloblastoma initiating cells (37.18-91.48% ROBO1+; n = 3). Transcript- 

and protein-level enrichment in tumor specimens in addition to consistent expression on the cell 

surface of GSC models present ROBO1 as a candidate therapeutic target for immunotherapy for 

GBM, and potentially other malignant brain tumor models. 

Camelid-derived single domain antibodies bind human ROBO1 

To target human ROBO1, we constructed a phage-displayed heavy chain (VHH) library 

from the peripheral blood B-cell repertoire of a llama immunized with the extracellular domain of 

human ROBO1. Compared to commercial cell lines MCF7 and HeLa, patient-derived primary 

GSC model BT428 cells have the greatest expression of ROBO1 as assayed by a commercial anti-

ROBO1 antibody (Figure 2A). Monomeric anti-ROBO1 single-domain antibodies bound to 

human ROBO1 in a expression dependent manner, with binders MKRo20 and XRo showing the 

greatest affinities for ROBO1 in BT428 (Figure 2B). XRo showed similar antigen ROBO1 binding 

dynamics in HeLa cells, and neither MKRo20 nor XRo bound to MCF7 cells with negligible 

ROBO1 expression (Figure 2C and 2D).  
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Anti-ROBO1 CAR-T cells specifically eliminate ROBO1+ brain tumor cells  

We next sought to transfer the ROBO1-binding monomeric single-domain antibodies 

MKRo20 and XRo into a second generation CAR construct. We designed CAR constructs with a 

CD8A signal peptide, a monomeric single-domain binder (MKRo20, XRo or control A20.1), an 

optional GGGGS linker, CD8A hinge region, CD28 transmembrane and co-stimulatory domains, 

and a CD3Ζ stimulatory domain (Figure 3A). Each CAR construct was introduced into donor-

derived peripheral blood mononuclear cells (PBMCs) using lentivirus infection and grown in vitro 

for 10-14 days, resulting in enrichment efficiencies up to 95% (Figure 3B and 3C).  

Using an in vitro CAR-T cell cytotoxicity assay with a tumor cell-specific bioluminescence 

readout, we compared cytotoxic potential of anti-ROBO1 CAR-T cells in three malignant BTSC 

lines with low (37%) and high (97%+) ROBO1 cell surface positivity (Group 3 medulloblastoma 

suMB002, lung-to-brain metastases BT530, primary GBM BT935; Figure 3D). Upon co-culture 

for 24 hours, MKRo20 and XRo CAR-T cells potently induced tumor cell cytotoxicity at 

effector:target (E:T) ratios of 0.5:1 in all tumor models (Figure 3E). Compared to MKRo20 CAR-

T cells, XRo CAR-T cells elicited greater cytotoxicity in all models, irrespective of the E:T ratio. 

No significant differences in CAR-T cell mediated cytotoxicity was seen between CD8A hinge 

regions with or without a preceding GGGGS linker. Surprisingly, the control binder A20.1 showed 

non-specific binding at E:T ratios of 0.5:1 and 1:1 in suMB002 and BT530 models, but no such 

binding was seen in BT935. Given this inconsistency, we replaced this control with untransduced 

(UTD) T cells grown side-by-side to CAR-T cell modalities. In addition, we selected to further 

characterize XRo-based CAR-T cells given their enhanced affinity for ROBO1 in both antibody 

and CAR-T formats compared to MKRo20 (Figures 2 and 3).  
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Following optimization of the ROBO1-binding moiety, we evaluated the time course of 

XRo CAR-T cell cytotoxicity using two complementary assays, one which measures accumulation 

of tumor cell death using a fluorescent viability dye and the second which measured loss of tumor 

cell-specific bioluminescence, as described previously. Co-culture of XRo CAR-T cells with 

ROBO1-expressing GSCs led to complete tumor cell cytotoxicity at E:T ratios as low as 0.25:1, 

with ratios of 1:1 and above achieving 100% target cell death within 30 hours (P < 0.01; Figures 

4A and 4B). To evaluate specificity of XRo CAR-T cells for ROBO1-expressing tumor cells, we 

evaluated T cell activation of upon antigen exposure by assaying cell surface levels of CD25 and 

CD69. Exposure to ROBO1-expressing GSCs (72% ROBO1+) led to robust increases in CD25 

and CD69 levels in XRo CAR-T cells as compared to GSCs with an isogenic CRISPR-Cas9 

knockout of ROBO1 (5.78 to 34.98% CD25+, 22.87 to 43.3% CD69+; Figures 4C and 4D). No 

significant changes in CD25 or CD69 levels were seen in exposure of UTD T cells to GSCs, or 

with culture of either effector cell population alone. Together, these data show that XRo CAR-T 

cells can specifically recognize and eliminate ROBO1-expressing GBM cells.   

Anti-ROBO1 CAR-T cells reduce tumor burden in orthotopic xenograft models 

 To test in vivo antitumor activity of ROBO1-targeted CAR-T cells, we established 

orthotopic xenografts using patient-derived recurrent BT241 GSCs with ~78% ROBO1+ cells 

(Figure 1F). Following confirmation of engraftment, mice were treated with a single dose of 

500,000 XRo CAR-T cells (n = 8), MKRo20 CAR-T cells (n = 2), or UTD T cells (n = 7) (Figure 

5A). Within 6 days post-imaging, all mice treated with XRo and MKRo20 CAR-T cells showed 

elimination of detectable tumor burden (Figures 5B and 5C). Tumor-bearing mice treated with 

UTD T cells showed robust increases in tumor burden post-treatment (post/pre fold change or FC 

1.65 to 9.59), whereas mice treated with XRo CAR-T cells and MKRo20 CAR-T cells showed 
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significant reductions in tumor burden (XRo post/pre FC 0.16 to 0.21, MKRo20 post/pre FC 0.09 

to 0.34; Figure 5B). Following repetition of these results in other malignant brain tumor models 

and predicted increases in survival, ROBO1-targeted CAR-T cells may provide robust and specific 

antitumor responses for brain cancer.  

Discussion 

Although CAR-T cell therapy is a newer adaptation for GBM treatment, advancements to 

increase its clinical utility are rapidly progressing. Here, we present a novel CAR-T cell therapy 

targeting  ROBO1 in GBM. We present that ROBO1 expression in enriched in primary and 

recurrent GBM specimens at the transcript and protein levels, including on the cell surface of brain 

tumor stem cells (BTSCs). We developed a panel of novel camelid monomeric single-domain 

antibodies that specifically bind to human ROBO1 with high affinity, and these binders are 

translatable to an efficacious and ROBO1-specific CAR-T modality. Our study establishes anti-

ROBO1 CAR-T cells as a potent immunotherapy for GBM. 

 Intratumoral heterogeneity, accumulation of mutations over time and a remodeled tumor 

recurrence limit selection of tumor-enriched or -specific antigens for immunotherapy in GBM. 

Exposure to pressures of stochastic tumor-intrinsic events, the tumor microenvironment and SoC 

likely lead to positive selection of resistant tumor subpopulations during GBM progression. A 

study by Johnson et al. (2014) conducted exome sequencing of 23 initial and patient-matched 

recurrent low-grade IDH-mutant gliomas. In 43% of all cases, greater than 50% of mutations seen 

in the primary tumors were lost at tumor recurrence, and in 6 of 10 patients treated with SoC 

chemotherapy agent TMZ, recurrent tumors were hypermutated and characterized by a TMZ-

induced mutation signature. In a recent study by the Glass consortium of initial and patient-

matched recurrent diffuse gliomas from 222 patients, of which 134 were IDH-wildtype, 70% of 
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recurrent tumors harboured an increased mutational burden at recurrence (Barthel et al., 2019). In 

fact, another study by Wang et al. (2016) showed that 66% of post-SoC recurrent tumors undergo 

a change in their dominant TCGA GBM subtype compared to their patient-matched primary 

tumor. The adaptation of CAR-T cell therapy for GBM is also impacted by temporal and spatial 

intratumoral heterogeneity. A recent clinical letter outlined administration of B7-H3 CAR-T cells 

to a 56-year-old woman with recurrent GBM, highlighting a potent but short-term anti-tumor 

response in situ, absent of grade 3 or higher toxicities associated with CAR-T cell infusion (Tang 

et al., 2021). Unfortunately, target antigen heterogeneity was predicted as the reason for treatment 

failure, as noted previously for CAR-T cell therapy targeting EGFRvIII and IL13Rɑ2 (Brown et 

al., 2016a; O'Rourke et al., 2017). Here, we present data to support broad enrichment of ROBO1 

across primary and recurrent GBM and a potent GBM-targeting capability of anti-ROBO1 CAR-

T cells in pre-clinical models. Our ROBO1-targeted CAR-T cell modality can be added to the 

existing and emerging repertoire of tumor-targeted immunotherapies. Currently, 12 clinical trials 

are recruiting GBM patients to evaluate CAR-T cell therapy against B7 family member B7-H3 

(NCT04385173, NCT04077866), CD147, HER2 (NCT03389230), IL13Rɑ2 (NCT04003649, 

NCT04661384, NCT02208362), matrix metallopeptidase 2 (MMP2; NCT04214392), and 

NKG2D (NCT04717999). While current trials are focused on targeting single tumor-associated 

antigens, this increased repertoire of targets will allow multiple antigens to be targeted 

concurrently to overcome intertumoral heterogeneity.  
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Figure 1. ROBO1 is enriched in primary and recurrent GBM. (A) ROBO1 mRNA expression 

was assayed in 33 human cancer specimens profiled by the TCGA (red dots) and in region-matched 

normal tissues (green dots). Enrichment in cancerous tissues (red label), normal tissues (green 

label) or no enrichment (black label) is indicated (LFC > |1.5| and P < 0.01). Sample numbers for 

tumor (T) and normal (N) tissue for each comparison are indicated at the bottom. Using the same 

dataset, (B) ROBO1 and SLIT2 mRNA expression was assayed in GBM and low grade glioma 

(LGG) specimens and their region-specific normal tissue counterparts. Enrichment or depletion in 

tumor (red) or normal (grey) tissue is indicated for each comparison (LFC > |1.5| and P < 0.01). 

(C-D) All ROBO receptors (ROBO1-ROBO4) and SLIT ligands (SLIT1-SLIT3) were assayed for 

expression in a dataset of 52 primary and 65 recurrent GBM specimens analyzed using whole cell 

proteomics (Tatari et al., Under revision at Acta Neuropathologica). (C) Comparison among 

ROBO1, ROBO2 and SLIT2 expression levels is indicated with P values from Student’s t test. (D) 

Comparison of expression levels between primary and recurrent GBM specimens is indicated with 

P values from Student’s t test. (E-F) Patient-derived brain tumor stem cells (BTSC) lines from 

pediatric Group 3 medulloblastoma, adult lung-to-brain metastases, and adult glioblastoma were 

immunostained for ROBO1 expression. Percentages of stained cells above isotype control are 

indicated in representative dot plots (E) and summary table (F). Staining data for adult normal 

human astrocytes is also shown.  
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Figure 2. Camelid monomeric single-domain antibodies bind human ROBO1. (A) 

Immunostaining of patient-derived GSC line BT428 and commercial cell lines (HeLa and MCF4) 

for ROBO1 using a commercially-available ROBO1 antibody to establish models with a large 

range in ROBO1 expression. (B-D) Immunostaining of BT428 (B), HeLA (C), and MCF7 (D) 

cells with ROBO1-specific commercial antibody (ab227695) as well as camelid monomeric 

single-domain antibodies against ROBO1 (MKRo20-hIgG1, MKRo4-hIgG1, and XRo-hIgG1) or 

a control antigen (A20.1-hIgG1). Mean fluorescence values (MFI or MMFI) are indicated.   
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Figure 3. Design, production and optimization of anti-ROBO1 CAR-T cells. (A) Table of 

second generation CAR constructs incorporating a CD8A signal peptide, monomeric single-

domain binders against ROBO1 (XRo and MKRo20) or a control antigen (A20.1), CD8A hinge 

region with (50) or without (45) a preceding optional GGGGS linker, CD28 transmembrane (TM) 

and co-stimulatory domains (Co-stim), and a CD3Ζ stimulatory domain (CD3Z). (B) Diagram of 

CAR-T cell production including isolation of CD3+ T cells from healthy human peripheral blood 

mononuclear cells (PBMCs), lentiviral infection of CAR constructs, and generation of CAR-T 

cells. (C) Combined efficiency of lentiviral transduction and enrichment of anti-ROBO1 CAR-T 

cells indicated by immunostaining with CD3 and EGFR. EGFR staining is a surrogate of CAR+ T 

cells as protein coding of the CAR is followed by a truncated EGFR marker. Percentages of stained 

CAR+ T cells above isotype control are indicated (red). (D) Immunostaining of patient-derived 

group 3 medulloblastoma (suMB002), lung-to-brain metastases (BT530) and adult glioblastoma 

(BT935) BTSC lines with ROBO1. Percentages of stained ROBO1+ cells above isotype control 

(small plots on right) are indicated (red). (E) Percent tumor cell killing of different BTSC lines co-

cultured with control (A20.1) or anti-ROBO1 (MKRo20 and XRo) CAR-T cells at various E:T 

ratios (0.25:1 to 1:1) for 24 hours, normalized against the numbers of viable tumor cells when 

cultured in the absence of effector cells. Shown are means +/- SEM of % cell killing in triplicate 

wells. A one-way ANOVA test with Bonferroni’s multiple comparison correction determined 

statistical significance with P values indicated. 
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Figure 4. Effector activity and activation of XRo CAR-T cells. (A-B) Time course of tumor 

cell killing of ROBO1-expressing BT241 GSCs co-cultured with untransduced (UTD) T cells or 

XRo CAR-T cells at various E:T ratios (0.25:1 to 1:1) for up to 60 hours. Target cell death was 

measured using (A) target cell luciferase activity (BLI) and (B) cell death (object count) 

normalized against number of viable cells at 0 hours. Shown are means +/- SEM in quintuplicate 

wells and E:T ratios are indicated above each plot. Student’s t test was conducted for each 

timepoint (*P < 0.05; **P < 0.01; and ***P < 0.001 comparing XRo CAR versus UTD). (C) 

Immunostaining of BT241 GSCs with isogenic knockout of AAVS1 (top) or ROBO1 (bottom) with 

ROBO1. Percentages of stained ROBO1+ cells above isotype control are indicated (black). (D) 

Assessment of T cell activation by immunostaining UTD T cells (top) or XRo CAR-T cells 

(bottom) alone (left), or as co-cultures with GSCs with ROBO1 knockout (middle) or ROBO1-

expressing GSCs (AAVS1 knockout; right) at an E:T ratio of 1:1 for 24 hours. Cultures were stained 

for CD3, CD25 and CD69. Percentages of CD3+CD25+ and/or CD3+CD69+  are indicates in 

respective quadrants.   
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Figure 5. In vivo antitumor activity of anti-ROBO1 CAR-T cells. (A) Timeline of an on-going 

in vivo pre-clinical trial summarizing orthotopic injection of 50,000 ffLuc+ recurrent GSCs (Day 

0) followed by imaging to confirm tumor engraftment (Day 3), treatment with 500,000 UTD T 

cells or anti-ROBO1 CAR-T cells (XRo or MKRo; Day 4), and post-treatment imaging of tumor 

burden (Day 10). (B) Bioluminescence (BLI) imaging of tumor-bearing mice before (Day 3) and 

after (Day 10) treatment with UTD T cells (left), XRo CAR-T cells (middle), or MKRo20 CAR-

T cells (right). Paired data connections indicate a single mouse. Paired Student’s t tested were 

conducted between Day 10 and Day 3 values for each treatment (ns not significant, ***P < 0.001). 

(C) Bioluminescence (BLI) images for each cohort on Day 3 (top) and Day 10 (bottom).   
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CHAPTER 4: Advances in immunotherapy for adult glioblastoma 
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comments and edited the manuscript. SKS (Sheila) supervised this effort in its entirety. 

 

In this review, we will summarize clinical findings and highlight promising pre-clinical studies of 

three major immunotherapeutic modalities in GBM, including vaccines, antibodies, and chimeric 

antigen receptor (CAR) T cells. Common to all therapeutic modalities are fundamental 

mechanisms of therapy evasion by tumor cells, including immense intratumoral heterogeneity, 

suppression of the tumor immune microenvironment, and low mutational burden. These insights 

have led efforts to design rational combinations of therapeutics that can reignite the anti-tumor 

immune response, effectively and specifically target tumor cells, and reliably decrease tumor 

burden for GBM patients. 

 

Sections of this review have also been used in Chapter 1 and Chapter 5 of this thesis. 

Advances in immunotherapy for adult glioblastoma 



 158 

 

Chirayu R. Chokshi1, Benjamin A. Brakel1, Nazanin Tatari1, Neil Savage1, Sabra K. Salim1, 

Chitra Venugopal2, Sheila K. Singh1,2,* 

 

 

Affiliations 

1Department of Biochemistry and Biomedical Sciences, McMaster University, Hamilton, Ontario, 

Canada L8N 3Z5. 

2Department of Surgery, Faculty of Health Sciences, McMaster University, Hamilton, Ontario, 

Canada L8N 3Z5. 

 

 

 

 

*Lead contact and corresponding author: Dr. Sheila K. Singh (ssingh@mcmaster.ca). 

 

  



 159 

Abstract 

Despite aggressive multimodal therapy, glioblastoma (GBM) remains the most common malignant 

primary brain tumor in adults. With the advent of therapies that revitalize the anti-tumor immune 

response, several immunotherapeutic modalities have been developed for the treatment of GBM. 

In this review, we summarize recent clinical and pre-clinical efforts to evaluate vaccination 

strategies, immune checkpoint inhibitors (ICIs) and chimeric antigen receptor (CAR) T cells. 

Although these modalities have shown long term tumor regression in subsets of treated patients, 

the underlying biology that may predict efficacy and therapy development to grow this cohort of 

treatment-responders are being actively investigated. Common to all therapeutic modalities are 

fundamental mechanisms of therapy evasion by tumor cells, including immense intratumoral 

heterogeneity, suppression of the tumor immune microenvironment, and low mutational burden. 

These insights have led efforts to design rational combinations of therapeutics that can reignite the 

anti-tumor immune response, effectively and specifically target tumor cells, and reliably decrease 

tumor burden for GBM patients. 
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Introduction 

Glioblastoma (GBM) remains the most aggressive and prevalent malignant primary brain 

tumor in adults(Ostrom et al., 2016). Unchanged since 2005, patients undergo standard of care 

(SoC) that consists of gross total resection to remove the tumor bulk, followed by radiation therapy 

(RT) with concurrent and adjuvant chemotherapy with temozolomide (TMZ)(Lapointe et al., 2018; 

Stupp et al., 2005). Despite these aggressive therapeutic efforts, tumor relapse is inevitable, and 

patients face a median overall survival of 14.6 months and a five-year survival rate of 5.5-

6.8%(Ostrom et al., 2016; Stupp et al., 2009; Stupp et al., 2005). A major contributor to treatment 

failure is intra-tumoral heterogeneity that gives rise to tumor cell populations distinct at the 

genomic, transcriptomic, proteomic and functional levels(Kim et al., 2015b; Meyer et al., 2015; 

Neftel et al., 2019; Patel et al., 2014; Wang et al., 2016). In addition to SoC, two therapeutics have 

received approval from the Food and Drug Administration, including (1) an anti-vascular 

endothelial growth factor (VEGF) monoclonal antibody bevacizumab, and (2) tumor-treating 

fields that target proliferating tumor cells. However, these therapies have yet to be incorporated 

into SoC for GBM patients.  

 Emerging therapeutics for GBM have shifted towards reconfiguring the patient’s immune 

system to generate an anti-tumor response. Here, we will summarize clinical findings and highlight 

promising pre-clinical studies of three major immunotherapeutic modalities in GBM, including 

vaccines, antibodies, and chimeric antigen receptor (CAR) T cells. For a recent review of advances 

in oncolytic virotherapy for gliomas, refer to Rius-Rocabert et al. (2020). Given that resistance to 

SoC and disease relapse are inevitable for GBM patients, pre-clinical and clinical advancement of 

immunotherapeutic modalities, combined with recent insights into the tumor immune 

microenvironment, are poised to improve clinical outcomes for this patient population. 
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Vaccines 

Cancer vaccines function by exposing tumor-associated antigens to antigen-presenting 

cells (APCs) which activate immune effector cells to achieve an anti-cancer immune response. 

Several promising vaccines targeting both single and multiple antigens have shown varying 

degrees of clinical promise (Table 1), however, vaccines for GBM have yet to translate to SoC. 

While GBM-specific targets are sparse, several have been identified that are expressed on the cell 

surface. Perhaps the most explored to date, EGFR variant III (EGFRvIII) is a mutant receptor 

specific to GBM which has been targeted extensively through a variety of immunotherapeutic 

efforts including vaccination. Similarly, the cytomegalovirus (CMV) tegument phosphoprotein 65 

(pp65) and IDH1(R132H)-mutant peptides are frequently and specifically expressed in GBM, in 

contrast to healthy brain (Bleeker et al., 2009; Mitchell et al., 2008). Vaccinations targeting these 

proteins have shown efficacy in clinical trials and often elicit strong responses, however, no targets 

identified to date are expressed on all GBM cells, allowing clonally driven recurrence to evade 

such treatments. In contrast, multi-targeted vaccines mediating the presentation of multiple tumor-

associated antigens better address the heterogeneity of the tumor by reducing the population of 

cells not expressing a target and thus reducing clonally driven resistance, however, these 

treatments have shown little success.  

Antigen presentation and the following activation and regulation of effector cells is another 

important process in achieving an effective immune response, which involves several proteins 

such as those mediating suppression of T cells, macrophages, and other tumor infiltrating 

lymphocytes. Current efforts acting on this front, such as antibodies against these suppressors, 

have shown preclinical promise but have fallen short in clinical trials. Additionally, success seems 
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to vary greatly upon combination of these inhibitors, underlining the importance of understanding 

and enhancing synergistic interactions between treatments.  

Single-Target Vaccines  

Several vaccines have been developed for GBM using a single, tumor-specific antigen. 

One of the most advanced GBM vaccines to date is Rindopepimut, a peptide vaccine targeting 

EGFRvIII which has been identified as a tumor-specific mutant expressed in roughly one-third of 

GBMs (Heimberger et al., 2005). This protein also enhances GBM tumorigenicity (Batra et al., 

1995; Nagane et al., 1996) and is highly immunogenic (Sampson et al., 2009), altogether providing 

a promising target for immunotherapy. Early preclinical studies have confirmed its 

immunogenicity and shown it to be effective in mice (Heimberger et al., 2003), however, the 

protein’s heterogeneous and unstable expression leaves room for EGFRvIII-negative tumor cells 

to drive therapy resistance and recurrence. A series of phase II Rindopepimut trials, named 

“ACTIVATE, ACT II and ACT III,” have shown promise (NCT00643097, NCT00458601), 

achieving median survivals between 22 and 26 months (Sampson et al., 2011; Sampson et al., 

2010; Schuster et al., 2015). To validate the findings, a large phase III trial termed “ACT IV” was 

completed with 371 patients (NCT01480479), however, no survival benefit was seen among 

vaccinated patients compared to controls, with median survivals of 20.1 and 20 months, 

respectively (Weller et al., 2017). Interestingly, patients with significant residual disease received 

a greater benefit from the vaccine, perhaps due to the larger amount of tumor able to initiate a 

response. Patients in the trial also showed strong humoral immune responses, suggesting resistance 

to the therapy was enabled at least in part by the heterogeneity of EGFRvIII expression. Indeed, 

those who underwent post-treatment biopsies of the recurrent tumor in both control and vaccinated 

groups showed loss of EGFRvIII expression in a majority of patients. This spontaneous loss of 
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expression highlights the limitations of single-target therapies in such a heterogeneous tumor and 

underlines the importance polytherapy will have in the future (Schafer et al., 2019). Additionally, 

the improved survival of the placebo group compared to historical controls was surprising, and 

future trials should account for this difference or change in control performance over time.  

The complex interplay between therapies and the immune response must also be 

considered. For instance, Rindopepimut was given along with TMZ which induces 

lymphopenia(Brock et al., 1998). While an accompanying increase in regulatory T cells suggests 

this may hinder the response to Rindopepimut, previous findings have shown it can enhance it 

(Sampson et al., 2011). An additional study on Rindopepimut was done in 72 recurrent GBM 

patients in a phase II trial termed “ReACT” (NCT01498328), combining the vaccine with 

bevacizumab, a monoclonal antibody against VEG-F that has been shown to enhance immune 

responses (Mansfield et al., 2013). The trial showed improvement upon the ACT IV trial, with 

treated patients having a 24-month survival of 20% compared to 3% for controls and showing 

potential for Rindopepimut when the limitations surrounding immunosuppression are concurrently 

addressed (Reardon et al., 2020b).  

Another promising vaccination effort is the CMV dendritic cell (DC) vaccine. While rare 

in the healthy brain, viral proteins and nucleic acids of CMV are present in around 90% of GBM 

tumors (Mitchell et al., 2008). The implications of CMV in tumor initiation and therapy resistance 

are not understood, however, these viral antigens pose a potential immunotherapeutic target 

specific to cancerous cells. Of these antigens, CMV pp65 is highly expressed in glioma tumors 

and is the main target of current CMV vaccination as it elicits the majority of cytotoxic T 

lymphocyte responses following infection (Wills et al., 1996). The CMV pp65 DC vaccine consists 

of autologous DCs pulsed with pp65 RNA fused in frame with the human Lysosomal Associated 
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Membrane Protein (hLAMP) gene shown to enhance antigen processing (Arruda et al., 2006). A 

series of large phase II trials were recently completed with the vaccine in patients with newly 

diagnosed GBM following SoC treatment.  

The initial “ATTAC” trial (NCT00639639) and subsequent “ATTAC-GM” trial 

(NCT00639639) both showed long-term survival in approximately one-third of patients. The 

initial trial also revealed that pre-conditioning with tetanus-diphtheria (Td) toxoid significantly 

increased DC migration to the lymph nodes which correlated with increased survival, leading to 

half of the pre-conditioned patients remaining progression-free >36.6 months from diagnosis 

(Mitchell et al., 2015). The second trial instead administered dose-intensified TMZ (DI-TMZ) with 

the vaccination, as DI-TMZ-induced lymphopenia has previously been shown to enhance both 

humoral and cellular immune responses (Mitchell et al., 2011). While DI-TMZ increased 

immunosuppressive regulatory T cells, the group had a median survival of 41.1 months, greatly 

exceeding matched historical controls (Batich et al., 2017). Excitingly, four patients remained 

progression-free at 59 to 64 months post-diagnosis, and overall, the trial showed the vaccine to be 

effective at targeting GBM based on the presence of CMV pp65. A subsequent phase II trial termed 

“ELEVATE” is ongoing to validate the benefit of Td toxoid pre-conditioning on DC migration, 

and to evaluate synergy between vaccination, Td toxoid pre-conditioning, and the anti-tumor 

antibody basiliximab (NCT02366728). To date, the trial has confirmed increased migration of DCs 

to the lymph nodes following pre-conditioning, however, analysis of the other aims is not yet 

complete (Batich et al., 2020).  

Vaccines have also been developed targeting the IDH1 subtype of gliomas, consisting of 

the IDH1(R132H)-mutated peptide which is highly expressed in the subset of patients with the 

mutation (Bleeker et al., 2009). The vaccine was previously found to be effective in a mouse model 
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transgenic for human MHC class I and II with IDH1(R132H), showing MHC class II presentation 

of the epitope and mutation-specific T cell and antibody responses (Schumacher et al., 2014). A 

phase I clinical trial termed “NOA-16” (NCT02454634) was recently completed for the vaccine 

concurrently with topical imiquimod, a myeloid-activating TLR7 agonist. Results of the trial were 

extremely promising, with 93% of patients showing a vaccine-specific immune response and 84% 

surviving >3 years (Platten et al., 2021). A second phase II trial called “RESIST” is underway, 

adjuvating the vaccination with granulocyte-macrophage colony-stimulating factor (GM-CSF) in 

combination with TMZ and Td toxoid (NCT02193347).  

Multi-Target Vaccines  

To treat a heterogeneous disease such as GBM, targeting a single antigen can lead to clonal 

evolution and drive resistance. One way of overcoming this is by targeting multiple antigens 

concurrently. Interestingly, the majority of advanced, successful vaccination attempts are that of 

single antigen-targeting vaccines, likely due to the strong, specific response to these single antigens 

seen in most trials. Regardless, the importance of targeting the heterogeneity of GBM tumors is 

well established, and several multi-targeted GBM vaccines have shown promising results. One 

such multi-targeted vaccine is DCVax-L, a more personalized approach to peptide vaccination that 

uses autologous, or patient-derived, DCs pulsed with resected tumor lysate to target a variety of 

tumor antigens. In rat models, the vaccine was found to significantly increase survival and T cell 

infiltration (Liau et al., 1999), leading to several clinical trials. In a phase III trial (NCT00045968), 

232 patients were vaccinated with concurrent TMZ while all 331 patients were allowed the vaccine 

upon recurrence. The overall study population had a median survival of 23.1 months, with a large 

group (n=100) having a particularly long median survival of 40.5 months unexplained by any 

prognostic factors suggesting clinical efficacy related to vaccination (Liau et al., 2018). A trial is 
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now ongoing in patients who were previously ineligible due to post-chemoradiotherapy 

progression or insufficient vaccine production (NCT02146066).  

Vaccines relying on heat shock proteins (HSP) are also advancing for GBM. There have 

been several trials investigating HSP vaccines for glioma which consist of HSPs and tumor-

associated peptides. These vaccines primarily rely on tumor-derived HSP glycoprotein 96 (gp96), 

which binds tumor antigens forming the HSP protein complex-96 (HSPPC-96). This complex 

mediates the presentation of antigens in antigen-presenting cells and can bind different peptides 

for a multi-targeted approach. An initial trial of a multi-peptide HSPPC-96 vaccine with TMZ 

(NCT00293423) confirmed strong peripheral and local immune responses specific to the HSPPC-

96-bound antigens in 11 of 12 treated patients (Crane et al., 2013). These responders had a median 

survival of 11.8 months post-vaccination and surgery compared to 4 months for the single non-

responder, and in the phase II portion of the trial, patients showed a median survival of 10.7 

months, significantly exceeding controls (Bloch et al., 2014). Additionally, patients with pre-

vaccination lymphopenia had decreased survival compared to those with higher lymphocyte 

counts, likely due to worsened immune function and thus decreased responses. Addressing this 

question and further validating the effectiveness of the vaccine, another trial (NCT02122822) 

revealed those with strong tumor-specific immune responses indeed had longer median survival 

than those with weak responses (>40.5 months and 14.6 months, respectively), with the overall 

patient population reaching a median survival of 31.4 months and again exceeding controls (Ji et 

al., 2018).  

Another phase II trial was recently completed with the HSPPC-96 vaccine and TMZ 

following SoC (NCT00905060) achieving a median survival of 23.8 months, further validating the 

efficacy of the vaccine (Bloch et al., 2017). Interestingly, the trial found expression of the T cell 
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suppressing immune checkpoint PD-L1 in myeloid cells to be indicative of survival, with high 

expression leading to shorter survival than those with lower expression (18 months and 44.7 

months, respectively). While a promising lead, no HSPPC-96 vaccines have been combined with 

anti-PD-L1 therapies to date. However, a trial is currently investigating the vaccine when 

combined with standard TMZ, radiotherapy, and the antibody pembrolizumab targeting the ligand 

of PD-L1, which is still ongoing (NCT03018288). 
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Table 1. Summary of clinical trials for vaccines against GBM.  

 

NCT Number  Treatment  Summary of results  Indication  Reference  

NCT00643097 EGFRvIII peptide vaccine 

+ DI-TMZ  

EGFRvIII-expressing cells eradicated and 

vaccine immunogenic, with DI-TMZ cohort 

having enhanced humoral response. Median 

overall survival of 23.6 months.  

Primary GBM  Sampson, et 

al. (Sampson 

et al., 2010) 

Sampson et al. 

(Sampson et 

al., 2011) 

 

NCT00458601 EGFRvIII Peptide Vaccine 

+ TMZ 

Median overall survival of 21.8 months and 

36-month survival of 26%. Anti-EGFRvIII 

antibodies increased ≥4-fold in 85% of patients 

and with duration of treatment.  

Primary GBM  Schuster et al. 

(Schuster et 

al., 2015) 

NCT01480479 EGFRvIII peptide vaccine 

+ TMZ 

Strong humoral responses, however, no 

survival advantage and loss of EGFRvIII 

expression upon recurrence.  

Primary GBM  Weller et al. 

(Weller et al., 

2017) 
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NCT01498328 EGFRvIII peptide vaccine 

+ bevacizumab  

24-month survival of 20% compared to 3% for 

controls.  

Recurrent GBM  Reardon et al. 

(Reardon et 

al., 2020b) 

NCT00639639 CMV pp65 DC vaccine + 

Td Toxoid + TMZ 

Td toxoid pre-conditioning enhanced DC 

migration to the lymph nodes and improved 

survival. 3/6 Td toxoid patients were alive and 

progression-free at time of survival analysis 

(>36.6 months), while controls had median 

overall survival of 18.5 months.  

Primary GBM Mitchell et al. 

(Mitchell et 

al., 2015) 

NCT00639639 CMV pp65 DC vaccine + 

DI-TMZ 

Antigen-specific immune responses and 

median overall survival of 41.1 months in DI-

TMZ cohort. 36% survival five years from 

diagnosis, with four patients remaining 

progression-free at 59 to 64 months from 

diagnosis.  

Primary GBM Batich et al. 

(Batich et al., 

2017) 

NCT02366728 CMV pp65 DC vaccine + 

111In-labeled DC vaccine 

+ Td Toxoid + basiliximab  

Ongoing, have reported increased DC 

migration to lymph nodes following Td toxoid 

pre-conditioning.  

Primary GBM Batich et al. 

(Batich et al., 

2020) 
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NCT02454634 IDH1 peptide vaccine  93% vaccine-specific response rate, 84% 

survival >3 years.  

High-grade 

glioma  

Platten et al. 

(Platten et al., 

2021) 

NCT00045968 DCVax-L vaccine  Median overall survival of 23.1 months, with 

large group (n=100) reaching 40.5 months.  

Primary GBM  Liau et al. 

(Liau et al., 

2018) 

NCT00293423 HSPPC-96 peptide 

vaccine 

Specific immune response in 11 of the 12 

patients, responders had median overall 

survival of 11.8 months.  

Recurrent GBM  Crane et al. 

(Crane et al., 

2013) 

Bloch et al. 

(Bloch et al., 

2014) 

NCT02122822 HSPPC-96 peptide 

vaccine + TMZ + 

radiotherapy  

Median overall survival of 31.4 months. 

Patients with high tumor-specific immune 

responses had median overall survival of >40.5 

months compared to 14.6 months for low 

responders.  

Primary GBM  Ji et al. (Ji et 

al., 2018) 
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NCT00905060 HSPPC-96 vaccine + TMZ Median overall survival of 23.8 months. 

Patients with low PD-L1 expression in 

myeloid cells had median overall survival of 

44.7 months compared to 18 months for those 

with high expression.  

Primary GBM  Bloch et al. 

(Bloch et al., 

2017) 
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Immune Checkpoint Inhibitors  

A complex system of stimulatory and inhibitory regulators functions to maintain immune 

homeostasis. An important part of this system is immune checkpoints, which regulate activation 

to avoid autoimmunity. Upon activation or exhaustion, several immune cells upregulate these 

inhibitory checkpoints thus suppressing the immune response. Cancer cells express immune 

checkpoint proteins as well, allowing them to suppress the anti-cancer response. As a result, 

antibodies against these checkpoints known as immune checkpoint inhibitors (ICI) have been 

developed and have shown success in several cancers such as melanoma and non-small-cell lung 

cancer(Vaddepally et al., 2020), and several are underway for GBM (Table 2). Of these antibodies, 

the most advanced group are those blocking programmed cell death protein 1 (PD-1) and cytotoxic 

T lymphocyte antigen 4 (CTLA-4), which are expressed on T cells and prevent T cell stimulation 

and killing of glioma cells(Contardi et al., 2005; Davidson et al., 2019).  

Immune checkpoint inhibitors 

PD-1 antibodies pembrolizumab and nivolumab have been approved to treat various solid 

tumors(Vaddepally et al., 2020), however, clinical efficacy in GBM has yet to be achieved. 

Combination therapy of an anti-PD-1 antibody and radiotherapy has shown preclinical success in 

vivo(Zeng et al., 2013) leading to the phase III CheckMate 143 trial of nivolumab (NCT02017717), 

comparing it to the approved VEGF-A inhibitor bevacizumab in recurrent GBM. The trial results 

showed a median survival of around 10 months for both groups and identical 12-month survival 

rates of 42%(Reardon et al., 2020a). Additionally, preliminary safety data of an earlier cohort of 

patients revealed high toxicity of a previously considered anti-PD-1/anti-CTLA-4 combination 

arm(Omuro et al., 2018), leading to the discontinuation of this dual ICI therapy. Nivolumab has 

also been explored in other combinations such as the phase III CheckMate 498 trial 
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(NCT02617589) using it with radiotherapy compared to TMZ and radiotherapy, however, the trial 

showed no survival advantage of nivolumab treatment with similar median survivals around 14 

months for both groups. Another phase III trial CheckMate 548 (NCT02667587) is combining 

nivolumab, radiotherapy and TMZ. While still ongoing, an announcement was made that the trial 

failed to meet its primary endpoints of overall survival and progression-free survival(Squibb, 

2020).  

Pembrolizumab is another, less advanced PD-1 antibody currently in trials for gliomas. In a phase 

I trial of 24 recurrent high-grade glioma patients treated with pembrolizumab, bevacizumab and 

hypofractionated stereotactic irradiation (NCT02313272), more than half the patients achieved 

significant responses and median survival was 13.5 months(Sahebjam et al., 2021). However, 

another phase I trial of pembrolizumab with bevacizumab and pembrolizumab alone in recurrent 

GBM patients (NCT02337491) showed a median survival of 8.8 months and 10.3 months, 

respectively(Reardon, 2006). The reduced survival upon lack of radiotherapy emphasizes the 

synergistic effect radiotherapy seems to have with anti-PD-1 therapies.  

Additional efforts have been made to enhance responses to anti-PD-1 ICIs including 

neoadjuvation prior to surgery, which has enhanced and prolonged the anti-tumor immune 

response and increased survival in other cancers(Blank et al., 2018; Liu et al., 2016a). A phase II 

trial of this technique with pembrolizumab in recurrent GBM patients showed lengthened survival 

with neoadjuvant compared to an adjuvant-only cohort (13.2 months and 6.3 months, 

respectively)(Cloughesy et al., 2019). Neoadjuvation also led to an upregulation of T cell- and 

interferon-γ-related genes and down-regulation of cell cycle-related genes in the tumor. In a similar 

phase II trial (NCT02550249), neoadjuvant nivolumab was shown to enhance chemokine 

expression, T cell receptor (TCR) clonal diversity among tumor infiltrating lymphocytes (TILs) 
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and immune cell infiltration of the tumor, however, the median survival of treated patients was 

only 7.3 months(Schalper et al., 2019). Interestingly, two patients in the neoadjuvant cohort had 

complete surgical resection and remained disease-free for 33.3 and 28.5 months which was not 

explainable by any recorded prognostic factors.  

CTLA-4 (CD152) is another ICI that reduces CD28 co-stimulatory signaling by 

competitively binding to its natural ligands CD80 and CD86, suppressing T cell stimulation. Anti-

CTLA-4 therapy has been approved for several cancers(Vaddepally et al., 2020), extended survival 

of glioma-bearing mice(Fecci et al., 2007), and in combination with anti-PD-1 therapy shown 

eradication of tumors in a majority of mice(Reardon et al., 2016). Clinical trials have recently 

begun assessing anti-CTLA-4 therapies in treating gliomas (NCT02311920, NCT02829931), 

though no trials have been completed with glioma patients to date.  

PD-L1, the ligand of PD-1 regularly expressed on APCs, is also expressed on cancer cells 

and mediates the suppression of tumor-infiltrating T cells. Anti-PD-L1 antibodies have been 

approved in other cancers(Vaddepally et al., 2020), however, their efficacy in gliomas remains 

poor. An ongoing phase II trial is evaluating the anti-PD-L1 antibody durvalumab with 

radiotherapy and bevacizumab in GBM (NCT02336165), with preliminary results of the recurrent, 

bevacizumab-refractory cohort showing only 36% survival at 5.5 months(Reardon, 2017). Another 

phase I trial is looking at a different combination of ICIs, treating recurrent glioma patients with 

durvalumab and an anti-CTLA-4 antibody (NCT02794883), however, no updates have been given. 

Previous trials have found low expression of PD-L1 in GBM, with the CheckMate-143 trial finding 

only 10 of the 37 patients with evaluable PD-L1 expression showing ≥10%(Omuro et al., 2018). 

This inherently limits any PD-L1 therapy and may partially explain the poor outcomes thus far.  
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LAG-3 is another immune checkpoint receptor expressed on exhausted T cells that 

negatively regulates T cell responses. While anti-LAG-3 therapies have had preclinical 

success(Harris-Bookman et al., 2018), studies have shown LAG-3 expression to be present in a 

low portion of tumor-infiltrating lymphocytes(Mair et al., 2021), thus limiting the potential impact 

of these therapies on stimulating the immune response. Regardless, a phase I trial evaluating the 

anti-LAG-3 antibody “BMS 986016” is underway, assessing its efficacy alone and in combination 

with the anti-PD-1 antibody nivolumab in recurrent GBM (NCT02658981). A recent update 

revealed a median survival of 8 months for the anti-LAG-3 group and 7 months for the anti-LAG-

3, anti-PD-1 combination group. The trial also assessed an agonistic antibody targeting the 4-1BB 

(CD137) immune checkpoint protein. 4-1BB is a costimulatory receptor expressed by T cells upon 

activation which augments activation signaling. The anti-4-1BB group had a promising median 

survival of 14 months(Lim et al., 2019), however, while preclinical investigations support this 

therapy(Kuhnol et al., 2013; Newcomb et al., 2010), other trials of anti-4-1BB antibodies are yet 

to occur.  

TIM-3 is a receptor expressed on lymphocytes that can suppress the immune response by 

inducing T cell exhaustion, such that expression of TIM-3 in GBM has been linked with poorer 

prognoses(Zhang et al., 2020). Anti-TIM-3 antibody therapy for GBM has shown success 

preclinically in combination with anti-PD-1 therapy and stereotactic radiosurgery (SRS). SRS 

drives the release of antigens from the tumor, enhancing the immune response which is further 

stimulated by the concurrent checkpoint inhibitors. While neither anti-TIM-3 nor SRS alone 

prolonged survival of GBM-bearing mice, combining the two increased median survival from 22 

to 100 days, an effect similarly obtained in the anti-TIM-3 and anti-PD-1 combination(Kim et al., 

2017). When combining all three treatments, 100% of mice were alive 100 days post-engraftment, 
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revealing great synergy and prompting a phase I trial of this combinational therapy which is still 

underway (NCT03961971).  

Macrophage-Targeted Antibodies  

Response to ICIs varies between tumor types and may be dependent on immune infiltrates 

such as TILs. Recently, mass cytometry and single-cell RNA sequencing in patients with cancers 

that typically do not respond well to immune checkpoint therapy, such as GBM, and cancers that 

do, revealed an overexpression of CD73-high macrophages in GBM which persists through anti-

PD-1 treatment and limits ICIs by inhibiting T cell infiltration(Goswami et al., 2020b). Prevalence 

of these cells correlated with a low response to ICIs, and genetic perturbation of CD73 in mice 

improved the efficacy of anti-CTLA-4 and anti–PD-1 combination therapy which was correlated 

with T cell infiltration. These results show a promising new immunotherapeutic target to enhance 

existing ICIs.  

CD47 is an enzyme that suppresses macrophage activation through binding the signal 

regulatory protein α (SIRPα). It is overexpressed in many tumors(Willingham et al., 2012), 

allowing cancer cells to avoid phagocytosis. Anti-CD47 antibodies have been developed to shift 

macrophages to an immunostimulatory phenotype, promoting the anti-tumor response (Zhang et 

al., 2016) and effectively reducing the growth of several tumors (Edris et al., 2012; Zhang et al., 

2017). Preclinical studies of anti-CD47 therapies for glioma have shown that while anti-CD47 

therapy is sometimes effective at stimulating glioma cell phagocytosis (Li et al., 2018), 

chemotherapy and radiotherapy are synergistic with the treatment and may be required to enhance 

phagocytosis and extend survival in mice (Gholamin et al., 2020; von Roemeling et al., 2020). 

This enhanced phagocytosis also leads to increased antigen cross-presentation and T cell priming 

(von Roemeling et al., 2020), and anti-CD47 therapies have also shown synergy with autophagy 
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inhibition (Zhang et al., 2018a; Zhang et al., 2018b) and other ICIs and tumor-specific antibodies 

(Sockolosky et al., 2016). The potential for synergistic co-therapies makes treatment with CD47 

antibodies more complex, and effective combinations should be compared in the future to guide 

rational therapeutic development efforts.  
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Table 2. Summary of clinical trials for immune checkpoint inhibitors against GBM.  

 

NCT Number  Treatment  Summary of results  Indication  Reference  

NCT02017717 Nivolumab (anti-PD-1) or 

bevacizumab  

Median overall survival was around 10 months 

for both groups, 12-month survival rates were 

identical between treatments at 42%.  

Recurrent GBM  Reardon et al. 

(Reardon et 

al., 2020a) 

NCT02617589 Nivolumab (anti-PD-1) + 

radiotherapy or TMZ + 

radiotherapy  

No survival advantage over TMZ, median 

overall survival of 13.4 months for nivolumab 

cohort and 14.88 months for TMZ.  

Primary GBM No Reference  

NCT02667587 Nivolumab (anti-PD-1) + 

TMZ + radiotherapy  

Nivolumab provided no survival advantage 

over placebo, trial still ongoing.  

Primary GBM Squibb et al. 

(Squibb, 

2020) 

NCT02313272 Hypofractionated 

stereotactic irradiation + 

pembrolizumab (anti-PD-

1) + bevacizumab 

>50% patients had significant response, median 

overall survival of 13.5 months.  

Recurrent high-

grade glioma 

Sahebjam et 

al. (Sahebjam 

et al., 2021) 



 179 

NCT02337491 Pembrolizumab (anti-PD-

1) or pembrolizumab + 

bevacizumab  

Median overall survival of 8.8 months for 

pembrolizumab with bevacizumab, 10.3 

months for pembrolizumab alone.  

Recurrent GBM Reardon et al. 

(Reardon, 

2006) 

NCT02550249 Neoadjuvant nivolumab  Neoadjuvant nivolumab enhanced chemokine 

expression, TCR clonal diversity among TILs 

and immune cell infiltration of the tumor, 

however, median overall survival was only 7.3 

months.  

GBM Schalper et al. 

(Schalper et 

al., 2019) 

NCT02336165 Durvalumab (anti-PD-L1) 

alone, with bevacizumab, 

or with radiotherapy  

Preliminary results of recurrent, bevacizumab-

refractory cohort had 36% survival at 5.5 

months. Trial still ongoing.  

GBM  Reardon et al. 

(Reardon, 

2017) 

NCT02658981 Anti-LAG-3 or anti-

CD137 alone or with anti-

PD-1  

Median overall survival of 8 months for anti-

LAG-3, 7 months for anti-LAG-3, anti-PD-1 

combination, and 14 months for anti-CD137. 

Trial still ongoing.  

Recurrent GBM  Lim et al. 

(Lim et al., 

2019) 
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Chimeric antigen receptor (CAR) T cells 

Chimeric antigen receptor (CAR) T cells represent an efficacious form of adoptive T cell 

therapy, in which peripheral T cells are genetically engineered to express a fusion receptor protein 

(i.e. CAR) that recognizes and targets a tumor-specific or -enriched antigen. Rapid and rational 

evolution of receptor design has transformed a first-generation CAR – composed of a ligand-

binding domain, extracellular spacer, transmembrane domain and an intracellular signaling 

domain – that suffered from limited signaling strength to highly efficacious second- and third-

generation CARs that incorporate one or more intracellular co-stimulatory domains, respectively, 

to initialize and sustain T cell signaling(Finney et al., 2004; Finney et al., 1998; Imai et al., 2004; 

Sadelain et al., 2013). Irrespective of design principles, an antigen-bound CAR T cell activates a 

potent cytokine release and cytolytic degranulation response that kills antigen-expressing tumor 

cells and results in T cell proliferation(Hombach et al., 2001). CAR T cell therapy has been highly 

effective against hematological malignancies, achieving remission rates of up to 90% in patients 

with relapsed or refractory B cell malignancies with anti-CD19 CAR T cells(Maude et al., 2014). 

However, widespread clinical responses of CAR T cells have yet to be seen for solid tumors, 

including GBM. Here, we summarize lessons learned from clinical evaluation of CAR T cell 

therapies in GBM patients, highlight promising preclinical candidates and discuss approaches to 

improving clinical efficacy. 

Unlike hematological malignancies, CAR T cell therapy design and administration require 

unique considerations in the context of GBM, including factors such as intratumoral antigen 

heterogeneity, bypassing the blood-brain barrier (BBB) and exerting a potent anti-tumor response 

in a highly immunosuppressive microenvironment(Bagley et al., 2018). Two schools of thought 

have guided delivery of CAR T cell therapy to the brain thus far, one which supports systemic 
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intravenous administration, and the other prefers intracavitary or intraventricular dosing to bypass 

the BBB. Supported by reports of a dysregulated BBB in GBM patients(Sarkaria et al., 2018; 

Watkins et al., 2014), investigators evaluating CAR T cell therapies targeting EGFRvIII and HER2 

preferred intravenous delivery of their modality(Ahmed et al., 2010; O'Rourke et al., 2017). 

Although no dose-limiting toxicities were observed for either modality when delivered 

intravenously, three grade 2-4 adverse events were possibly associated with HER2 CAR T cell 

therapy, including headache (n = 1) and seizure (n = 2). In contrast, intracavitary (or intratumoral) 

delivery of CAR T cells is not functionally restricted by the BBB. Using a reporter gene system, 

preliminary clinical evidence supports trafficking of intracerebrally-administered anti-IL13Rɑ2 

CAR T cells to the tumor region using [18F]FHBG PET-based imaging(Keu et al., 2017). 

Intracavitary treatment of GBM patients with anti-IL13Rɑ2 CAR T cells resulted in no dose-

limiting toxicities(Brown et al., 2016a; Brown et al., 2015). However, similar to intravenous 

delivery of anti-EGFRvIII CAR T cells, two grade 3 adverse events were associated with the 

treatment, including headache (n = 1) and a neurologic event (n = 1). Unfortunately, an empirical 

and clinical comparison among CAR T cell delivery routes has yet to be performed for GBM.  

To varying extents, clinical studies have evaluated CAR T cells for GBM targeting 

interleukin-13 receptor subunit alpha-2 (IL13Rɑ2), human epidermal growth factor receptor 2 

(HER2) and EGFRvIII (Table 3), with follow-up studies targeting IL13Rɑ2 and HER2 underway.  

In addition, investigators have initiated clinical studies to evaluate CAR T cells targeting matrix 

metallopeptidase 2 (MMP2), B7 family member B7-H3, CD147 and NKG2-D type II integral 

membrane protein (NKG2D). Here, we outline clinical advances in CAR T cell therapies for the 

treatment of GBM. 
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IL13Rɑ2-specific CAR T cells 

IL13Rɑ2 is a monomeric high-affinity receptor for interleukin 13 (IL13) that is enriched 

in GBM specimens compared to normal brain tissue(Brown et al., 2013; Debinski et al., 1999). In 

fact, IL13Rɑ2 expression correlates moderately with the mesenchymal signature(Brown et al., 

2013), a subtype of GBM associated with greater proliferation, tumorigenicity and resistance to 

conventional chemoradiotherapy as compared to other subtypes(Bhat et al., 2013; Wang et al., 

2018b). Supported by these findings, IL13Rɑ2 CAR T cells were designed using using a mutated 

IL13-zetakine binding domain (IL13.E13K.R109K), engineered to provide greater specificity for 

IL13Rɑ2 over IL13Rα1/IL4Rα, and attached to a CD28 co-stimulation and CD3ζ signaling 

domain(Kong et al., 2012). These IL13-zetakine CAR T cells were specifically and potently 

activated in presence of IL13Rɑ2-expressing glioma cells, whereas no appreciable effect was seen 

in the absence of IL13Rɑ2 expression. Strikingly, a single intracranial injection of IL13-zetakine 

CAR T cells into mice with orthotopic glioma xenografts led to a robust decrease in tumor burden 

and increased median overall survival from 35-40 days in control mice to 88 days in IL13-zetakine 

CAR T cell-treated mice. These promising preclinical results led to the first-in-human pilot safety 

and feasibility study of IL13-zetakine CAR T cells in three patients with relapsed GBM(Brown et 

al., 2015). In the study, IL13-zetakine CAR T cells were administered via an implanted 

reservoir/catheter system and led to treatment-induced inflammation at the tumor site. Although 

this treatment was well tolerated and led to decreased expression of IL13Rɑ2, two grade 3 

headaches and a grade 3 neurologic event were observed following CAR T cell administration. A 

mean survival of 11 months after relapse was noted for these three patients, with one patient 

surviving 14 months.  
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 Following this study, the group engineered second-generation IL13-targeted CAR T cells 

with a 4-1BB (CD137) co-stimulation domain and a mutated IgG4-Fc linker to improve antitumor 

potency and increase T cell persistence, while improving the safety profile(Brown et al., 2018; 

Brown et al., 2016a). These reengineered IL13BBζ-CAR T cells were administered to a patient 

with highly aggressive recurrent GBM with multifocal leptomeningeal disease and high IL13Rɑ2 

expression. Although intracavitary infusions of IL13BBζ-CAR T cells did not cause any grade 3 

or higher toxic effects and inhibited disease progression locally, distal non-resected tumors and 

new tumors progressed. Prompted by distant disease progression, IL13BBζ-CAR T cells were 

delivered via intraventricular infusions and led to dramatic reductions of all tumors after the fifth 

infusion, with 77 to 100% decrease in tumor burden, a systemic anti-tumor inflammatory response 

and an absence of systemic toxic effects, allowing the patient to return to normal life and work 

activities. Unfortunately, disease recurrence was observed after 7.5 months with tumor formation 

in new locations and decreased expression of IL13Rɑ2, elucidating a common antigen loss 

response to targeted therapies and advocating for rational combinational or adjuvant therapies. 

Recently, preclinical efforts to improve IL13Rɑ2-directed CAR T cell therapy have included the 

incorporation of an IL13Rα2-specific single-chain variable fragment (scFv)(Krenciute et al., 

2016), complementary IL15 expression to enhance T cell effector function(Krenciute et al., 2017), 

characterization of the tumor immune microenvironment following CAR T cell therapy(Pituch et 

al., 2018), and optimal selection of T cell subsets for sustained CAR activity(Wang et al., 2018a). 

EGFRvIII-specific CAR T cells 

Expressed heterogeneously in ~30% of GBM specimens(Padfield et al., 2015), 

investigators have engineered and evaluated EGFRvIII-targeted CAR T cells in two in-human 

trials. A phase 1 study of EGFRvIII-targeted CAR T cells, previously tested in orthotopic 
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xenograft models of EGFRvIII+ glioma for efficacy and specificity to EGFRvIII over 

EGFR(Johnson et al., 2015; Ohno et al., 2013), was conducted in 10 patients with EGFRvIII+ 

recurrent GBM to evaluate safety and feasibility as the primary end points(O'Rourke et al., 2017). 

Although no subjects experienced dose-limiting toxicities, including systemic cytokine release 

syndrome, tumor regression was not observed in any patients based on magnetic resonance (MR) 

imaging. A median overall survival of ~8 months was noted after CAR T cell infusion, with one 

long-term survivor exhibiting stable disease for >18 months. Of 10 treated patients, seven 

underwent tumor resection post-infusion and analysis of tumor tissue indicated a decrease or 

ablation of EGFRvIII expression.  

A second phase I clinical trial leveraged a third-generation EGFRvIII-targeted CAR with 

4-1BB and CD38 co-stimulation domains to conduct a dose-escalation study in 18 patients with 

EGFRvIII+ GBM(Goff et al., 2019). No dose-limiting toxicities were observed with EGFRvIII-

targeted CAR T cells until the highest dose of ≥1010, at which point a patient developed acute 

dyspnea and experienced oxygen desaturation, eventually succumbing to severe hypotension. 

Despite efforts to increase CAR T cell persistence and tumor localization, no objective responses 

were noted using MR imaging, with 16 of 17 remaining patients showing signs of disease 

progression <3 months after infusion and a median survival of 6.9 months post-treatment. 

Interestingly, a single patient remained alive up to 59 months post-CAR therapy and an additional 

two patients survived >1 year. In addition to further preclinical studies on third-generation anti-

EGFRvIII CAR T cells by multiple groups(Choi et al., 2014; Miao et al., 2014; Sampson et al., 

2014), recent studies have augmented their approach to increase efficacy and decrease toxicity, 

including an approach to combine anti-EGFRvIII CAR T cells with anti-EGFR bispecific T cell 

engager (BiTE) antibodies to treat EGFR-positive/EGFRvIII-negative GBM(Choi et al., 2019). In 
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addition, investigators recently developed multi-antigen prime-and-kill synNotch-CAR T cells that 

use a dual receptor circuit, the first of which detects EGFRvIII or a brain-specific myelin 

oligodendrocyte glycoprotein to induce expression of CARs against EphA2 and IL13Rɑ2 (Choe 

et al., 2021). In comparison to constitutively-active anti-EGFRvIII/EphA2/IL13Rɑ2 CAR T cells, 

synNotch-CAR T cells showed greater antitumor efficacy without off-tumor toxicity. 

HER2-specific CAR T cells 

The human epidermal growth factor receptor 2 (HER2), originally discovered as a tumor-

associated antigen in breast cancer, is a transmembrane glycoprotein with an intracellular tyrosine 

kinase domain(Ahmed et al., 2010). HER2 is a sparsely-expressed antigen in GBM, detected in up 

to 17% of specimens and indicative of poor prognosis(Haynik et al., 2007; Koka et al., 2003). With 

promising preclinical results of a second-generation anti-HER2 CAR engineered with a CD28 

costimulatory domain(Ahmed et al., 2010), a clinical trial was undertaken to treat 17 patients with 

HER2-positive GBM with virus-specific anti-HER2 CAR T cells(Ahmed et al., 2017). Although 

no dose-limiting toxicity was observed and CAR T cell persistence was noted up to 12 months 

post-infusion, no significant survival benefit was noted for treated patients with a median overall 

survival of 11.1 months. 
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NCT Number Treatment Summary of results Indication Reference 

NCT00730613 IL13(E13Y)-CD3ζ CAR T 

cells (first generation) 

Transient inflammation at tumor site and a significant 

decrease in IL13Rɑ2 expression post-treatment were 

observed. Two grade 3 adverse events were observed. A 

median survival of 11 months after tumor relapse was 

noted.   

Recurrent GBM Brown et al. 

(2015) 

NCT02208362 IL13(E13Y)-41BBζ CAR T 

cells (second generation) 

A single patient with multifocal relapsed GBM was 

treated, resulting in 77- 100% decrease in tumor burden 

and 7.5 months of progression-free survival. Increased 

presence of inflammatory cytokines at tumor site with 

no adverse events related to CAR T cell therapy.  

Recurrent GBM Brown et al. 

(2016a) 

NCT01109095 HER2-CD28ζ CAR T cells 

(second generation) 

No dose-limiting toxicity was observed and CAR T cells 

persisted for 12 months post-infusion. No significant 

increase in survival was noted, with a median overall 

survival of 11.1 months. 

GBM Ahmed et al. 

(2017) 

NCT02209376 EGFRvIII-41BBζ CAR T 

cells (second generation) 

No dose-limiting toxicity was observed and EGFRvIII 

expression was reduced post-treatment. No significant 

Recurrent GBM O'Rourke et al. 

(2017) 
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Table 3. Summary of clinical trials for CAR T cells against GBM. 

  

increase in survival was noted, with a median overall 

survival of 8 months post-treatment. 

NCT01454596 EGFRvIII-CD28-41BBζ CAR 

T cells (third generation) 

At highest dose, 2 patients suffered dose-limiting 

toxicity. A median overall survival of 6.9 months was 

noted, with one patient alive at 59 months. 

Recurrent GBM Goff et al. 

(2019) 
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Discussion and Conclusion 

Immunotherapy has yet to significantly improve clinical outcomes for GBM patients and 

clinical studies have been disappointing thus far. Here, we detailed clinical and pre-clinical 

advances in immune checkpoint blockade, vaccination strategies, and emerging CAR T cell 

therapies for treatment of GBM (Figure 1). Among the major hurdles to clinical efficacy are 

immense intratumoral heterogeneity(Neftel et al., 2019; Patel et al., 2014), parallel modes of 

immunosuppression by tumor cells(Jackson et al., 2019), and low mutational burden in 

GBM(Hodges et al., 2017). With these factors in mind, investigators and clinicians are shifting 

their focus to combinatorial treatment strategies to achieve synergistic effects, reduce treatment 

resistance and overcome immunosuppression.  

 Given their effectiveness in other cancers such as melanoma(Wei et al., 2018), ongoing 

clinical studies are combining ICIs with conventional chemoradiotherapy and experimental 

therapeutics to increase efficacy. A rational advancement of ICI therapy is co-targeting multiple 

immune checkpoints, with clinical trials initiated to test the following combinations in GBM: anti-

CTLA4 and/or anti-PD-1 with TMZ in newly diagnosed GBM (NCT02311920), anti-CTLA-4 and 

anti-PD-L1 in recurrent GBM (NCT02794883), anti-LAG-3 and anti-PD-1 in recurrent GBM 

(NCT02658981), anti-IDO with anti-CTLA4 or anti-PD-1 in GBM (NCT02327078). In addition, 

hypofractionated stereotactic radiotherapy (NCT0289931, NCT02313272, and NCT02530502) 

and MRI-guided laser ablation (NCT02311582) are also being combined with ICI. As reviewed 

by Rius-Rocabert et al. (2020), oncolytic viruses are another form of immunotherapy that 

preferentially infect tumor cells, thereby activating the innate immune system and increasing T 

cell trafficking to the tumor bed. Based on promising pre-clinical data(Chen et al., 2018; Cockle 
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et al., 2016; Jiang et al., 2017), clinical studies are evaluating a combination of adenovirus-based 

therapy DNX-2401 with anti-PD-1 blockade for recurrent GBM (NCT02798406). 

  Although CAR T cell therapy is a newer adaptation for GBM treatment, advancements to 

increase its clinical utility are rapidly progressing. Currently, 12 clinical trials are recruiting GBM 

patients to evaluate CAR T cell therapy against B7 family member B7-H3 (NCT04385173, 

NCT04077866), CD147, HER2 (NCT03389230), IL13Rɑ2 (NCT04003649, NCT04661384, 

NCT02208362), matrix metallopeptidase 2 (MMP2; NCT04214392), and NKG2D 

(NCT04717999). In fact, a recent clinical letter outlined administration of B7-H3 CAR T cells to 

a 56-year-old woman with recurrent GBM, highlighting a potent but short-term anti-tumor 

response in situ, absent of grade 3 or higher toxicities associated with CAR T cell infusion(Tang 

et al., 2021). Unfortunately, target antigen heterogeneity was predicted as the reason for treatment 

failure, as noted previously for CAR T cell therapy targeting EGFRvIII and IL13Rɑ2(Brown et 

al., 2016a; O'Rourke et al., 2017). Additionally, novel therapeutic targets for CAR T cell therapy 

are quickly emerging, including antigens such as the disialoganglioside GD2(Murty et al., 2020), 

CD70(Jin et al., 2018; Yang et al., 2020), CD133(Vora et al., 2020), carbonic anhydrase IX 

(CAIX)(Cui et al., 2019), EPHA2(Chow et al., 2013; Yi et al., 2018), podoplanin (PDPN)(Shiina 

et al., 2016), chondroitin sulfate proteoglycan 4 (CSPG4)(Beard et al., 2014; Geldres et al., 2014), 

and adhesion molecule L1-CAM (CD171)(Hong et al., 2014). While current trials are focused on 

targeting single tumor-associated antigens, this increased repertoire of targets will allow multiple 

antigens to be targeted concurrently to overcome intertumoral heterogeneity as shown by 

Bielamowicz et al. (2018), who developed trivalent CAR T cells targeting HER2, IL13Rɑ2 and 

EphA2. In fact, these trivalent CAR T cells were able to eradicate nearly 100% of tumor cells from 

multiple GBM samples. 
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 Emerging trends towards rational combinatorial therapies are likely to include a systemic 

reignition of the tumor immune microenvironment. The continued discovery of novel tumor-

associated and tumor-specific antigens, paired with the improvement of therapeutic modalities to 

increase efficacy and reduce toxicity, are necessary for the clinical efficacy of immunotherapies. 

Overall, a combinatorial therapy delivered at various stages throughout SoC may reliably improve 

clinical outcomes in GBM patients.  
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Figures 

 

Figure 1. Overview of current modalities and therapeutic targets being investigated to treat 

GBM. (a) CAR T cells recognize antigens through a genetically engineered extracellular receptor 

which triggers intracellular T cell activation upon binding. (b) Inhibitors of immune checkpoint 

proteins prevent their attenuation of immune responses upon activation and exhaustion. (c) 

Vaccines expose antigen-presenting cells to tumoral antigens, stimulating a target-specific 

immune response. Boxes indicate therapeutic targets or mediators being pursued for each 

modality. CAR: chimeric antigen receptor; CTL: cytotoxic T lymphocyte.  

  



 210 

CHAPTER 5: Discussion and future directions 

5.1 Functional genetic insights into GBM recurrence 

In Chapter 2, we conducted the first set of unbiased functional genetic screens in patient-derived 

GBM models to reveal functional modulators of SoC and disease recurrence. Not only do recurrent 

tumor cells rely on a distinct set of functional drivers when compared to their primary predecessors, 

therapeutic avenues to treat recurrent disease cannot be predicted without profiling tumors at 

recurrence. The surprising loss of ~30% of genetic dependencies in primary tumor cells at 

recurrence (e.g. RUNX1, ZEB1 and RHOA), gain of an additional ~30% new functional 

dependencies (e.g. FASN and CD151), and further loss of crucial replicative checkpoints (e.g. 

TP53, PTEN, NF1, and NF2), highlight the dramatic remodelling from primary to recurrent 

disease. Therapy-driven events, along with continuous temporal evolution at the genetic and 

cellular levels, may select for a sub-clonal and treatment-resistant GSC population that redefines 

the functional genetic landscape of the recurrent tumor.   

 

Collectively, these results support a model in which therapy-driven and stochastic events lead to a 

functionally distinct tumor at GBM recurrence. Our analysis of the genomic, transcriptomic, 

proteomic and functional genetic landscapes of patient-matched primary and recurrent tumor cells 

supports parallel tumor-intrinsic mechanisms of treatment resistance which rely on acquisition of 

immunosuppressive capacity. Not only are recurrent GBM cells burdened by greater stem-like 

properties and tumorigenic potential, presence of de novo driver mutations such as a defective 

MMR pathway (MSH6 A1179V and T1219I) may drive hypermutation and shield recurrent GBM 

cells from the host immune system and anti-PD-1 blockade (Touat et al., 2020). In stark contrast, 

anti-PD-1 blockade is a tractable therapeutic strategy in other aggressive cancers (i.e. non-small 
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cell lung cancer, colorectal cancer and melanoma) with a hypermutated profile (Le et al., 2015; 

McGranahan et al., 2016; Rizvi et al., 2015). In addition, MMR-deficiency in recurrent GBM cells 

may predispose to a higher mutational burden but, unlike other cancers, these additional mutations 

may support an immunosuppressive microenvironment.  

 

We observe that MMR-deficient recurrent GBM cells also harbour a deleterious mutation in PTEN 

(H123Y), previously shown to ablate phosphatase activity and prevent PTEN-mediated cell cycle 

arrest in breast cancer cells (Hlobilkova et al., 2000). In addition, MMR-deficiency and 

microsatellite instability (MSI) has been associated with truncal PTEN loss in gliomas, and 

likewise, PTEN loss occurs in 90% of human MSI endometrial carcinomas (Cancer Genome Atlas 

Research et al., 2013a; Touat et al., 2020). In addition to MMR deficiency, significant enrichment 

of PTEN mutations at recurrence has been associated with immunosuppressive expression 

signatures in GBM patients who were classified as non-responders to immune checkpoint blockade 

in clinical trials with nivolumab and pembrolizumab (Zhao et al., 2019).  

 

Our profiling of GBM recurrence reveals hallmarks not only of resistance to conventional 

chemoradiotherapy, but also predictive biomarkers of putative resistance to anti-PD-1 therapy. 

One such example is the novel combination of de novo mutations in SWI/SNF components 

ARID1A (Q1364*) and ARID1B (P1238S, E647K and P594S) in recurrent tumor cells, which 

diminish individual genetic vulnerabilities of both genes seen in patient-matched primary tumor 

cells (Figure S3). Observed recently in endometrial, bladder, esophageal/gastric and biliary 

cancers (Wang et al., 2020), dual ARID1A/ARID1B loss in GBM may promote dedifferentiation 

to a stem-like state and hyperproliferation of recurrent tumor cells. ARID1A, encoding a subunit 
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of the SWI/SNF complex, is the most frequently mutated epigenetic regulator in human cancers, 

and coincides with treatment-resistant disease in ovarian clear cell carcinoma, colorectal cancer, 

breast cancer and hepatocellular carcinoma (Jones et al., 2010; Nagarajan et al., 2020). Loss of 

ARID1A compromises DNA damage repair, contributes to high MSI and tumor mutation burden, 

and suppresses the immune microenvironment, supporting the view that ARID1A loss may serve 

as a predictive biomarker for checkpoint blockade efficacy in recurrent GBM (Goswami et al., 

2020a).  

 

Aside from the recent report of a patient with widely metastatic post-treatment and IDH-wild-type 

recurrent GBM (Umphlett et al., 2020), the impact of ARID1A mutations has not been investigated 

in GBM (likely due to the fact that recurrent GBM samples are infrequently profiled). Loss of 

ARID1A promotes epithelial-mesenchymal transition, which has been shown to sensitize 

pancreatic tumors to proteolytic stress (Tomihara et al., 2021), an observation pertinent to the 

mesenchymal subtype of GBM which is most commonly seen at tumor recurrence, and predicts 

drug resistance and poor survival of primary GBM patients (Wang et al., 2018b). Our findings 

support rationally developed therapeutic approaches that reignite the tumor immune 

microenvironment (Gangoso et al., 2021), prior to targeted immunotherapies.  

5.2 Developing therapies specific for recurrent GBM 

Altogether, our mutational, proteomic and functional characterization of the remodelled landscape 

in recurrent GBM reveals novel mechanisms of treatment resistance, warranting therapeutic 

approaches that exploit synthetic lethal vulnerabilities that emerge at recurrence (Chapter 2). By 

performing the first genome-wide CRISPR-Cas9 gene knockout screens in patient-derived post-

treatment recurrent tumor cells, we report an example of a context-specific vulnerability of 
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PTP4A2. Pharmacological inhibition of PTP4A2 phosphatase activity revealed modulation of 

axon guidance via ROBO1 as a downstream effector of PTP4A2, further supported by a global 

enrichment and dependence on ROBO signaling. In fact, our data uncovered and supports a 

PTP4A2-ROBO1 phosphorylation axis that drives PTEN-deficient GBM, warranting further 

investigation in other PTEN-deficient/mutated cancers such as endometrial, prostate and other 

gliomas (Zehir et al., 2017). To develop a therapeutic approach targeting ROBO signaling, we 

present evidence supporting the use of an anti-ROBO1 single-domain antibody for treatment of 

recurrent tumor cells. These findings provide a template for studying recurrence and support 

development of therapeutic regimens that are informed by therapy-driven or longitudinal shifts in 

the functional genomic landscape of recurrent tumors. 

 

Although CAR-T cell therapy is a newer adaptation for GBM treatment, advancements to increase 

its clinical utility are rapidly progressing. In Chapter 3, we present a novel CAR-T cell therapy 

targeting  ROBO1 in GBM. We present that ROBO1 expression in enriched in primary and 

recurrent GBM specimens at the transcript and protein levels, including on the cell surface of brain 

tumor stem cells (BTSCs). We developed a panel of novel camelid monomeric single-domain 

antibodies that specifically bind to human ROBO1 with high affinity, and these binders are 

translatable to an efficacious and ROBO1-specific CAR-T modality. Our study establishes anti-

ROBO1 CAR-T cells as a potent immunotherapy for GBM. 

 

In fact, a recent clinical letter outlined administration of B7-H3 CAR T cells to a 56-year-old 

woman with recurrent GBM, highlighting a potent but short-term anti-tumor response in situ, 

absent of grade 3 or higher toxicities associated with CAR T cell infusion(Tang et al., 2021). 
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Unfortunately, target antigen heterogeneity was predicted as the reason for treatment failure, as 

noted previously for CAR T cell therapy targeting EGFRvIII and IL13Rɑ2(Brown et al., 2016a; 

O'Rourke et al., 2017). Additionally, novel therapeutic targets for CAR T cell therapy are quickly 

emerging, including antigens such as the disialoganglioside GD2(Murty et al., 2020), CD70(Jin et 

al., 2018; Yang et al., 2020), CD133(Vora et al., 2020), carbonic anhydrase IX (CAIX)(Cui et al., 

2019), EPHA2(Chow et al., 2013; Yi et al., 2018), podoplanin (PDPN)(Shiina et al., 2016), 

chondroitin sulfate proteoglycan 4 (CSPG4)(Beard et al., 2014; Geldres et al., 2014), and adhesion 

molecule L1-CAM (CD171)(Hong et al., 2014). While current trials are focused on targeting 

single tumor-associated antigens, this increased repertoire of targets will allow multiple antigens 

to be targeted concurrently to overcome intertumoral heterogeneity as shown by Bielamowicz et 

al. (2018), who developed trivalent CAR T cells targeting HER2, IL13Rɑ2 and EphA2. In fact, 

these trivalent CAR T cells were able to eradicate nearly 100% of tumor cells from multiple GBM 

samples. 

5.3 Concluding remarks 

In this thesis, I present a deep interrogation of primary and recurrent GBM at genomic, 

transcriptomic, proteomic and functional genetic levels. Not only did we learn about the vast 

differences on all levels at tumor recurrence, but we put forward new therapeutic approaches that 

specifically leverage vulnerabilities in recurrent GBM. Furthermore, emerging trends towards 

rational combinatorial therapies are likely to include a systemic reignition of the tumor immune 

microenvironment. The continued discovery of novel tumor-associated and tumor-specific 

antigens, paired with the improvement of therapeutic modalities to increase efficacy and reduce 

toxicity, are necessary for the clinical efficacy of immunotherapies. Overall, a combinatorial 
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therapy delivered at various stages throughout SoC may reliably improve clinical outcomes in 

GBM patients.  
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