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Abstract 

Glioblastoma (GBM) remains the most aggressive primary brain malignancy, with median 

survival of 12–15 months despite maximal treatment. Its resistance to conventional therapy is 

driven by intratumoral heterogeneity, diffuse invasion, an immunosuppressive tumor 

microenvironment, and the blood-brain barrier, which restricts delivery of systemic biologics. 

Engineered neural stem cells (NSCs) offer a promising solution to these challenges owing to their 

intrinsic tumor tropism, which enables localized and sustained therapeutic delivery directly within 

the GBM microenvironment. This study describes the engineering of peripheral blood-induced 

NSCs (PBiNSCs) derived from adult blood through OCT4-free epigenetic reprogramming as a 

dual-strategy therapeutic platform for GBM. In the first strategy, PBiNSCs were engineered with 

a SyNthetic Intramembrane Proteolysis Receptor (SNIPR) system to couple tumor antigen 

recognition to inducible expression of light-chain leader PTEN-Long (lclPTENL), a secretable 

isoform of the tumor suppressor PTEN. This represents the first demonstration of SNIPR 

functionality in PBiNSCs, establishing them as a new cellular vehicle for synthetic receptor 

platforms. Initial validation using an anti-CD19 SNIPR confirmed antigen-dependent, dose-

responsive activation in both bead-based and cell-based co-culture systems. The SNIPR was 

subsequently retargeted toward two GBM-associated antigens: IL13Rα2, using a mutant 

IL13(E13Y) ligand domain, and EGFRvIII, using the tumor-specific MR1 single-chain variable 

fragment. The MR1-EGFRvIII SNIPR demonstrated highly selective activation, with 74–81% 

BFP-positive cells in EGFRvIII-expressing primary GBM co-cultures compared to near-

background levels in wild-type controls, an effect maintained in a 3D onco-neurosphere model. 

By contrast, the IL13(E13Y)-based SNIPR exhibited high sensitivity activation, attributed to 

residual IL13Rα2 cross-reactivity and the ultra-high affinity of the protein-based binding domain. 

SNIPR-driven lclPTENL expression was confirmed in CD19 co-culture conditions, and 

conditioned media from PBiNSCs constitutively expressing lclPTENL induced a statistically 

significant increase in p16 expression in primary GBM cells, demonstrating downstream 

biological activity and validating the therapeutic rationale for PTEN restoration. In the second 

strategy, PBiNSCs were engineered to constitutively secrete a bispecific Fc fusion protein 

simultaneously targeting CD47 a ubiquitous "don't eat me" signal overexpressed on GBM cells 

and either IL13Rα2 or EGFRvIII. The construct employs knob-into-hole Fc engineering and a 
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P2A/furin co-expression strategy to produce a stable heterodimeric bispecific from a single 

transcript. Both the IL13/SIRPα and MR1/SIRPα variants were successfully expressed and 

secreted by engineered PBiNSCs, and binding to primary GBM cell lines was confirmed by 

Western blot. A novel antigen-affinity purification strategy using biotinylated EGFRvIII as a 

capture ligand enabled selective isolation of functionally intact bispecific protein. Collectively, 

these findings establish a proof-of-concept for a modular, cell-based delivery platform that 

combines the tumor-tropic properties of PBiNSCs with SNIPR-controlled therapeutic gene 

expression and innate immune checkpoint blockade, addressing multiple mechanisms of GBM 

treatment resistance simultaneously. 
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1. Introduction 

1.1. Glioblastoma 

1.1.1. Clinical Overview 

Glioblastoma (GBM) is the most common and aggressive primary malignant brain tumor in 

adults and represents a major unmet clinical challenge in neuro-oncology. In Canada, GBM affects 

approximately 4 per 100,000 individuals annually, with incidence increasing with age and peaking 

between the sixth and eighth decades of life1. Standard of care treatment consists of a combination 

of radiation therapy, temozolomide administration and maximal safe surgical rection which 

provides a median survival of 12-15 months with inevitable recurrence2. According to the World 

Health Organization (WHO) Classification of Tumours of the Central Nervous System (CNS), 

updated in 2021 and further refined in 2024, GBM is defined as a diffuse astrocytic tumor that is 

isocitrate dehydrogenase (IDH)–wildtype and classified as WHO grade 4, irrespective of 

histological appearance when specific molecular criteria are met3. These criteria include 

telomerase reverse transcriptase (TERT) promoter mutation, epidermal growth factor receptor 

(EGFR) amplification, or combined whole chromosome 7 gain and chromosome 10 loss (+7/−10)3. 

In cases where these molecular features are absent, diagnosis relies on histopathological findings, 

including the presence of microvascular proliferation or necrosis. This molecularly integrated 

definition reflects a paradigm shift away from purely histopathological classification toward a 

biologically driven framework that more accurately predicts clinical behavior and prognosis. 

1.2. Biological Barriers to Effective Glioblastoma Therapy 

Despite well-defined diagnostic criteria and standardized treatment protocols, GBM remains 

one of the most treatment-refractory human malignancies. The current standard-of-care regimen 

consists of maximal safe surgical resection followed by concurrent radiotherapy and temozolomide 

chemotherapy, and subsequent adjuvant temozolomide administration. This regimen, established 

by the landmark Stupp protocol, extends median survival by only a few months compared to 

radiotherapy alone and has not substantially changed long-term survival outcomes4,5. Numerous 

efforts to intensify or augment this regimen, including dose-dense temozolomide schedules, 

alternative alkylating agents, and combination chemotherapy, have failed to produce meaningful 
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survival benefits, underscoring the profound and multifactorial resistance of GBM to conventional 

cytotoxic therapies.4,6,7 

1.2.1. Inter-and Intratumoral Heterogeneity 

GBM arises from glial-lineage cells, which undergo malignant transformation following 

the accumulation of genetic, epigenetic, and chromosomal alterations8. These alterations disrupt 

core cellular processes including cell cycle regulation, DNA damage response, apoptosis, and 

metabolic homeostasis9. Canonical molecular alterations in GBM include loss of heterozygosity 

on  10q, amplification or mutation of EGFR, loss of tumor suppressors such as PTEN and TP53, 

dysregulation of the PI3K/AKT/mTOR and RAS/MAPK signaling pathways, and inactivation of 

cell cycle regulators including CDKN2A/B10–14. At the transcriptional level, GBM exhibits 

substantial molecular heterogeneity and can be broadly categorized into three major molecular 

subtypes: classical, mesenchymal, proneural, based on gene expression profiling3. The classical 

subtype is characterized by high-level EGFR amplification or mutation, frequent chromosome 7 

gain and chromosome 10 loss, and relative preservation of TP53 function. Tumors of this subtype 

demonstrate strong activation of proliferative signaling pathways and are associated with high 

mitotic activity. In contrast, the mesenchymal subtype is defined by alterations in NF1, enrichment 

of inflammatory and immune-related gene signatures, and increased expression of mesenchymal 

markers such as CHI3L1 and MET. This subtype is often associated with enhanced invasiveness, 

resistance to therapy, and a more aggressive clinical course. The proneural subtype is characterized 

by alterations in PDGFRA, TP53 mutations, and gene expression patterns associated with neural 

development and oligodendrocyte precursor cells. Although initially linked to younger patient age 

and slightly improved prognosis, proneural tumors frequently undergo subtype switching at 

recurrence, often adopting a mesenchymal phenotype, which may contribute to therapeutic 

resistance. 

1.2.2. Invasion and Diffuse Growth 

One of the defining biological features of GBM is its highly infiltrative growth pattern. 

GBM cells migrate extensively along white matter tracts, blood vessel walls, and the subpial 

surface, leading to diffuse invasion of surrounding brain parenchyma. Tumor cells co-opt routes 
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surrounding blood vessels, exploiting the oxygen and nutrient supply and even disrupting the blood 

brain barrier as they disseminate along vessel walls, with studies showing the majority of glioma 

cells contacting blood vessels early in invasion15,16.  White matter tracts composed of myelinated 

axons, such as the corpus callosum and internal capsule provide other pathways that enable cells 

to spread widely across hemispheres17. This invasive behavior precludes complete surgical 

resection, as tumor cells extend well beyond radiographically apparent margins. These infiltrative 

tumor cells often reside in eloquent brain regions responsible for language, motor, and sensory 

function, placing strict limits on surgical aggressiveness18. Even with advanced intraoperative 

techniques such as fluorescence-guided surgery and awake craniotomy, microscopic residual 

disease persists, providing the substrate for inevitable local recurrence. 

1.2.3. Radiation and Chemotherapy Resistance 

Resistance to radiotherapy further constrains therapeutic efficacy. GBM cells exhibit 

constitutive activation of DNA damage response pathways, including ATM, ATR, and DNA-

dependent protein kinase, enabling efficient repair of radiation-induced double-strand breaks19,20. 

Glioma stem-like cells (GSCs) are particularly resistant, as they preferentially activate 

homologous recombination and non-homologous end-joining repair mechanisms and display 

prolonged cell cycle arrest that allows survival following genotoxic stress. Hypoxia within the 

tumor microenvironment exacerbates radioresistance by reducing oxygen-dependent free radical 

formation and inducing hypoxia-inducible factor (HIF) signaling, which promotes stemness, 

angiogenesis, and metabolic adaptation21–23. Clinical attempts to overcome radioresistance, such 

as radiation dose escalation or hypoxia-targeting agents, have largely failed due to unacceptable 

toxicity or lack of efficacy24. Chemotherapy resistance represents a central and persistent challenge 

in GBM management. Temozolomide induces cytotoxic DNA lesions through alkylation at the O6 

position of guanine; however, its clinical effectiveness is strongly dependent on epigenetic 

silencing of the MGMT gene25,26. Tumors with unmethylated MGMT promoters exhibit rapid 

repair of temozolomide-induced damage and derive minimal benefit from chemotherapy27. 

Importantly, even patients with MGMT-methylated tumors frequently develop acquired resistance 

through activation of alternative DNA repair pathways, loss of mismatch repair function, and 

increased tolerance to DNA damage. Multiple clinical trials evaluating alternative 

chemotherapeutic agents, including lomustine, procarbazine, and combination regimens such as 
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PCV, have failed to significantly improve outcomes in the recurrent or newly diagnosed 

setting28,29. 

1.2.4. The Blood-Brain Barrier  

The blood–brain barrier (BBB) poses a major pharmacological obstacle by restricting 

delivery of many systemic agents to the tumor and infiltrative margins30. Tight junctions between 

brain capillary endothelial cells eliminate paracellular transport and severely restrict passive 

diffusion, such that molecules can only enter the brain via lipid-mediated diffusion or specific 

carrier- or receptor-mediated transport systems31. As a result, approximately 98% of small-

molecule drugs and nearly all large biologics including antibodies and protein therapeutics fail to 

adequately penetrate the BBB, limiting the efficacy of many systemic cancer therapies32. Although 

the BBB is disrupted within the tumor core, it often remains intact in regions of microscopic 

invasion where residual disease persists keeping these cells protected33. Active efflux transporters, 

abnormal tumor vasculature, and elevated interstitial pressure further reduce effective intratumoral 

drug concentrations with only 20% of the smallest therapeutic agents reaching the tumor at 

therapeutic levels34,35. These limitations have contributed to the failure of numerous systemically 

administered agents that demonstrate potent anti-glioma activity in preclinical models but lack 

clinical efficacy. Among clinically established approaches, the use of an Ommaya reservoir 

provides a direct method to bypass of the BBB by enabling repeated intracerebroventricular (IVC) 

administration of therapeutics36. The Ommaya reservoir is a surgically implanted catheter-

reservoir system placed into the cerebral ventricles, allowing drugs to be delivered directly into 

the cerebrospinal fluid, where they can diffuse throughout the central nervous system and reach 

infiltrative tumor regions37. This method has been widely used in the treatment of leptomeningeal 

metastases and central nervous system lymphomas, where intrathecal or intraventricular 

administration of agents such as methotrexate has demonstrated improved drug distribution 

compared to systemic delivery38,39. These clinical applications provide proof-of-concept that 

bypassing the BBB can achieve therapeutically relevant drug concentrations within the CNS40. 

However, limitations including invasiveness, risk of infection, and uneven drug distribution within 

solid tumor masses highlight that, while the BBB is not insurmountable, effective and broadly 

applicable delivery strategies for GBM remain an ongoing challenge41,42.  
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1.2.5. Tumor Microenvironment  

The GBM tumor microenvironment (TME) is a profoundly immunosuppressive milieu that 

contributes to therapeutic resistance and disease progression43,44. A hallmark of GBM is chronic 

hypoxia, driven by aberrant vasculature and rapid metabolic demand, which promotes 

angiogenesis and tumor cell survival but also coordinates the spatial distribution of 

immunosuppressive myeloid populations45,46. Myeloid cells, principally tumor-associated 

macrophages (TAMs) and resident microglia, constitute a dominant fraction of the immune 

infiltrate in GBM; studies estimate that TAMs can comprise 30–50 % of all tumor cells, with both 

microglia and bone marrow-derived macrophages contributing substantially to this pool47–49. In 

addition to hypoxia-driven recruitment, these myeloid populations are actively drawn to regions 

of tumor cell turnover, where apoptotic and necrotic cells release “find-me” and “eat me” signals 

that promote phagocytic clearance50–52. This process, while essential for tissue homeostasis, 

contributes to an immunosuppressive environment, as engulfment of apoptotic cells is associated 

with the release of anti-inflammatory mediators and suppression of pro-inflammatory signalling53–

55. Within the TME, macrophages and microglia often adopt immunosuppressive phenotypes that 

inhibit effective anti-tumor immunity56–58. These cells secrete high levels of transforming growth 

factor-β (TGF-β) and interleukin-10 (IL-10), cytokines that suppress cytotoxic T-cell functions, 

promote regulatory T-cell development, and dampen antigen presentation, thereby enforcing 

immune tolerance and protection of tumor cells from immune attack59,60. Concurrently, GBM 

exhibits low levels of effector T-cell infiltration, with both CD4+ and CD8+ T lymphocytes present 

at relatively low percentages compared to the dominant myeloid compartment, and those T cells 

that are present frequently express exhaustion markers such as PD-1, further limiting anti-tumor 

immune responses.61 Together, the combination of hypoxia-driven immune organization, 

recruitment of myeloid cells to apoptotic tumor regions, sustained production of 

immunosuppressive cytokines paucity of functional T-cell effectors defines a “cold” TME that 

hinders effective immunosurveillance and contributes to GBM’s resistance to immunotherapies62. 

1.3. Cell-Based Therapies for Cancer 

1.3.1. Conceptual Framework of Cell-Based Therapies 
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Cell-based therapies have redefined the oncology landscape by using living cells as 

programmable agents. Unlike conventional small molecules or monoclonal antibodies, engineered 

cells can sense environmental cues, integrate signals, migrate toward disease sites, and execute 

context-dependent effector functions conceptualize living cells as programmable 

therapeutics rather than passive drug carriers. The most well-established examples are chimeric 

antigen receptor (CAR) T-cell therapies, in which a patient’s own T cells are engineered to express 

synthetic receptors that direct cytotoxic activity against defined tumor antigens63–65. CAR-T 

therapies targeting CD19 such as Tisagenlecleucel  have achieved remarkable outcomes in 

hematologic malignancies, such as relapsed or refractory large B-cell lymphoma, with durable 

complete remission rates in over half of treated patients and regulatory approvals in multiple 

countries establishing engineered cellular therapy as a clinically viable oncologic modality66. 

Similarly, adoptive cell therapy using ex vivo–expanded tumor-infiltrating lymphocytes (TILs), 

pioneered by Steven A. Rosenberg, demonstrated durable tumor regression in metastatic 

melanoma, further validating that transferred immune cells can mediate meaningful anti-tumor 

activity in humans67. However, translating these successes into solid tumors, including GBM, has 

proven challenging due to factors such as antigen heterogeneity, immunosuppressive tumor 

microenvironments, and poor infiltration of effector cells, all of which limit CAR-T persistence 

and efficacy outside of blood cancers. Alternative cell-based platforms such as CAR-NK cells and 

T-cell receptor (TCR) engineered cells are under investigation to overcome some of these barriers 

by offering broader antigen targeting or reduced graft-versus-host risk, though they face many of 

the same impediments within solid tumors68–72. 

In the context of GBM specifically, early clinical and preclinical studies illustrate both the 

promise and the limits of current cell therapies. First-generation CAR-T approaches targeting 

antigens like EGFRvIII or IL13Rα2 have induced measurable tumor shrinkage in subsets of 

recurrent GBM patients, but responses are typically transient and limited by antigen escape and 

the hostile immunosuppressive microenvironment characteristic of GBM73,74. To address these 

challenges, next-generation strategies are being developed that include bi- or tri-specific CAR 

constructs designed to recognize multiple GBM antigens simultaneously, reducing the likelihood 

of immune escape, and approaches that deliver cells regionally (e.g., intracavitary or 

intraventricular infusion) to improve local tumor access75,76. Early “off-the-shelf” allogeneic CAR-
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T products have also shown safety and signs of clinical activity in phase I GBM studies, 

demonstrating transient tumor reduction and necrosis in a majority of treated patients, a milestone 

in personalized cell therapy translation for brain tumors77.  

Mechanistically, these strategies offer advantages over static biologics. Living cells can 

proliferate in vivo, enabling local amplification of therapeutic effect at the tumor site; they can 

persist over time, adapt to antigen exposure, and exert serial cytotoxic activity, properties not 

achievable with fixed-dose antibodies or chemotherapeutics66,78–80. Moreover, cellular therapies 

can be genetically engineered to incorporate synthetic circuits, combinatorial antigen recognition, 

cytokine secretion, or resistance to inhibitory signals, expanding their functional versatility81,82. 

However, while hematologic malignancies have demonstrated the curative potential of this 

approach, extending these benefits to solid tumors, including GBM, requires overcoming barriers 

such as antigen heterogeneity, immunosuppressive signaling, and impaired trafficking within the 

tumor microenvironment66,78,83,84. These challenges have driven exploration of next-generation 

cellular platforms capable not only of antigen-specific killing but also of reshaping the local tumor 

milieu81,83. Among these, stem cell–based therapies have emerged as a promising platform due not 

only to their regenerative capacity but also to their ability to function as programmable delivery 

vehicles. Increasing evidence supports the use of neural stem cells (NSCs), mesenchymal stem 

cells (MSCs), induced pluripotent stem cells (iPSCs), and hematopoietic stem cells (HSCs) in 

therapeutic development, with NSCs and MSCs being the most extensively investigated in 

oncologic applications85–87. 

1.3.2. Neural Stem Cells as Therapeutic for GBM 

A defining characteristic supporting the use of stem cells as therapeutic delivery systems 

is their intrinsic tumor-tropic behavior. NSCs have been shown to migrate toward tumor sites in 

response to chemokines, inflammatory mediators, hypoxia-related signals, and growth factors 

produced within the tumor microenvironment88–90. They demonstrate the ability to home to tumor 

tissue and sites of inflammation, where they can localize within or around neoplastic lesions91. 

This migratory capacity provides a biological mechanism for overcoming limitations of 

conventional therapeutics, including poor tumor penetration and nonspecific systemic 

distribution92. As a result, neural stem cells can serve as vehicles to transport therapeutic payloads 
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directly to tumor tissue, potentially enhancing local efficacy while reducing systemic toxicity. 

Beyond tumor homing, neural stem cells are highly amenable to genetic modification, enabling 

them to express therapeutic transgenes or carry biologically active agents. NSCs have been 

engineered to deliver enzyme–prodrug systems, immunomodulatory cytokines, apoptosis-

inducing ligands, and oncolytic viruses in preclinical models92–96. For example, NSCs have been 

modified to express suicide genes that convert non-toxic prodrugs into cytotoxic compounds at the 

tumor site, thereby achieving localized chemotherapeutic activation96,97. These strategies illustrate 

the dual function of neural stem cells: they act both as migratory carriers and as active therapeutic 

mediators once they reach the tumor microenvironment. 

Clinical translation further supports the rationale for stem cell–based delivery systems. 

Early-phase clinical investigations of stem cell–mediated enzyme/prodrug therapy in malignant 

brain tumors have demonstrated feasibility and tolerability, without evidence of malignant 

transformation attributable to the administered stem cells98,99. The safety profile of NSCs is further 

supported by their relatively low immunogenicity and immunomodulatory properties, which 

reduce the risk of acute immune rejection following administration 100. Literature emphasizes that 

while concerns remain regarding long-term efficacy and safety, stem cell therapies evaluated to 

date have not demonstrated uncontrolled malignant transformation when properly characterized 

and administered under controlled conditions101. Nevertheless, safety remains a central 

consideration in the development of stem cell–based therapeutics. Potential risks include aberrant 

differentiation, uncontrolled proliferation, or unintended interactions within the tumor 

microenvironment. The literature therefore highlights the importance of stringent cell 

characterization, genetic stability testing, and incorporation of safety mechanisms such as suicide 

switches or irradiation protocols prior to clinical application102. These safeguards are critical to 

establishing stem cells as reliable and controllable therapeutic platforms rather than biologically 

unpredictable agents. Collectively, current evidence supports stem cells as adaptable and 

biologically rational delivery vehicles in cancer therapy103. Their inherent tumor tropism, capacity 

for precise genetic engineering, and emerging clinical safety data justify continued investigation 

into stem cell–mediated therapeutic systems. When combined with advances in gene editing, 

synthetic biology, and targeted molecular therapies, stem cells represent a modular and potentially 
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transformative platform capable of enhancing specificity, reducing systemic toxicity, and 

improving therapeutic index in oncology. 

1.3.3. Generating Human Neural Stem Cells by Epigenetic Reprogramming 

The development of iPSCs showed that OCT4-driven reprogramming can return somatic cells 

to a pluripotent state, enabling patient-specific disease modeling and regenerative research104–107. 

However, differentiating iPSCs into defined cell types is often slow and technically complex104,108. 

Direct lineage conversion using neural transcription factors can generate induced neurons (iNs), 

but these cells are postmitotic, inefficiently produced, and frequently retain age-related molecular 

signatures, limiting their therapeutic scalability109–112. Attempts to generate induced neural 

precursor cells (iNPCs) addressed some of these issues, yet many early methods relied on OCT4, 

raising concerns about transient pluripotency and genomic instability113–119. Moreover, producing 

expandable, adult-derived neural stem cells (NSCs) with robust self-renewal and multipotency has 

remained difficult113,114,118,120. Sheng et al. established an OCT4-free approach to directly generate 

induced NSCs (iNSCs) from adult peripheral blood cells, avoiding invasive tissue collection121. 

Using non-integrating vectors, Sheng et al. produced stable, clonally self-renewing, tripotent cells 

that respond to lineage cues. Notably, these iNSCs show marked reduction of age-associated 

epigenetic and transcriptional signatures, supporting their potential for translational applications 

in disease modeling and cell-based therapy121. These properties make OCT4-free induced neural 

stem cells (iNSCs) particularly attractive for GBM therapy. First, their derivation from adult 

peripheral blood cells provides a minimally invasive, readily accessible, and clinically scalable 

cell source, an important consideration for autologous or personalized treatment strategies. 

Second, their demonstrated genomic stability, long-term self-renewal, and clonogenicity enable 

the generation of well-characterized, quality-controlled cell batches suitable for repeated dosing 

or large-scale manufacturing. Unlike induced neurons, their proliferative capacity allows 

expansion without loss of stemness, while their responsiveness to lineage cues preserves functional 

plasticity. Importantly, the erasure of age-associated DNA methylation and transcriptional 

signatures may enhance therapeutic consistency and performance, reducing variability linked to 

donor age121. Together, these features position iNSCs as a robust and translationally viable 

platform for targeted delivery of cytotoxic agents, oncolytic constructs, or immune-modulatory 

therapies in GBM. 



 10 

1.4. Cell Engineering Tools 

1.4.1. Viral Transduction for Protein Expression 

The earliest generation of engineered cellular therapies relied on constitutive gene 

expression systems, in which therapeutic transgenes are placed under strong viral promoters to 

drive continuous expression following genomic integration. Adeno-associated virus (AAV) 

vectors represent a non-pathogenic gene delivery platform with a strong clinical safety record and 

predominantly episomal persistence, reducing integration-associated oncogenic risk122. AAV 

vectors demonstrate relatively low immunogenicity and stable transgene expression in vivo; 

however, their limited packaging capacity (~4.7 kb) constrains the complexity of synthetic gene 

circuits that can be delivered123–126. Retroviral and lentiviral vectors became foundational tools for 

stable genetic modification because of their ability to integrate into host chromosomal DNA and 

enable durable transgene expression across cell divisions127. Lentiviral vectors in particular 

demonstrated improved safety profiles compared with earlier γ-retroviral systems due to self-

inactivating (SIN) designs that reduce promoter activity within long terminal repeats, thereby 

lowering the risk of proto-oncogene activation128–130. Lentivirus is typically produced by transient 

transfection of packaging cells with a multi-plasmid system consisting of a transfer 

plasmid containing the gene of interest flanked by long terminal repeats (LTRs), packaging 

plasmids encoding viral structural proteins, and an envelope plasmid, often encoding the vesicular 

stomatitis virus glycoprotein (VSV-G), which broadens viral tropism. Replication-defective viral 

particles that contain the RNA genome encoding the transgene are reverse transcribed into DNA 

and integrated into the host genome by viral integrase, enabling stable and long-term expression 

of the transgene in dividing and non-dividing cells.	 

1.4.2. Engineered Synthetic Receptors for Target Recognition 

Collectively, these early engineering tools enabled the first wave of gene-modified cell 

therapies but were fundamentally static expression systems. They lacked the ability to dynamically 

sense extracellular cues and convert contextual antigen recognition into regulated transcriptional 

programs, a limitation that became particularly apparent in solid tumors characterized by antigen 

heterogeneity and spatial complexity. An early and influential approach to inducible cellular 

signaling was the Tango system, which was developed to convert transient receptor activation into 
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a stable, amplifiable transcriptional output. In this system, a transcription factor (tTA) was tethered 

to the cytoplasmic tail of a membrane receptor via a specific protease cleavage site, while a second 

fusion protein combined a protease with a signaling adaptor; ligand-induced recruitment of this 

protease resulted in cleavage and release of the transcription factor into the nucleus, where it 

activated a reporter gene in a ligand-dependent manner131. The Tango assay proved versatile across 

multiple receptor classes, including G protein-coupled receptors, receptor tyrosine kinases, and 

steroid hormone receptors, but its reliance on multi-component fusion proteins and exogenously 

introduced proteases limited its direct applicability as a therapeutic switch131. Building on the 

rationale of converting extracellular cues into regulated gene expression, more recent strategies 

such as Modular Extracellular Sensor Architecture (MESA) have been developed132. MESA 

constructs place engineered sensor components at the cell surface and couple ligand binding to 

release of transcriptional regulators via defined proteolytic events, offering a plug-and-play 

architecture that can be tuned for diverse inputs; however, like Tango, MESA systems still face 

challenges including basal activation and the need for careful calibration of protease activity and 

signal amplification to achieve both sensitivity and specificity in complex tissue environments132. 

1.4.3. SynNotch Receptors 

Synthetic Notch (synNotch) receptors represent a mechanistically distinct class of 

engineered receptors that couple extracellular antigen recognition to customizable transcriptional 

outputs. These receptors are derived from the endogenous Notch signaling pathway, which 

operates through ligand-induced conformational changes that expose a proteolytic cleavage site 

within the negative regulatory region (NRR), enabling sequential cleavage by ADAM 

metalloproteases and γ-secretase133. This intramembrane proteolysis releases the Notch 

intracellular domain, which translocates to the nucleus to regulate transcription134. SynNotch 

receptors retain the core regulatory and transmembrane architecture of Notch but replace the native 

ligand-binding domain with a customizable extracellular recognition module, such as a single-

chain variable fragment (scFv) targeting a tumor-associated antigen135,136. Unlike CARs, which 

directly couple antigen binding to intracellular activation motifs (e.g., CD3ζ, CD28, 4-1BB), 

synNotch receptors function as signal-to-gene converters, decoupling antigen detection from 

effector function. A major goal of synthetic biology has been to program cell behavior predictively 

by engineering modular transcriptional circuits. However, while intracellular gene networks 
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became increasingly sophisticated, there remained no broadly customizable way to link user-

defined extracellular inputs to specific intracellular decisions without relying on endogenous 

receptor pathways. Early receptor engineering approaches such as CARs successfully redirected 

antigen recognition but retained native T-cell activation as the output. SynNotch receptors 

advanced this concept by introducing modular control over both input and transcriptional output. 

1.4.4. SyNthetic Intramembrane Proteolysis Receptors (SNIPRs) 

SyNthetic Intramembrane Proteolysis Receptors (SNIPRs) build upon the proteolysis-

activated transcriptional framework of synNotch while introducing refinements to receptor 

architecture, modularity, and translational suitability. Like synNotch receptors, SNIPRs rely on 

ligand-dependent intramembrane proteolysis to release a transcriptional effector domain133,136,137. 

However, SNIPRs incorporate optimized extracellular, juxtamembrane, and transmembrane 

regions to improve signal fidelity and reduce ligand-independent background cleavage138. One of 

the primary design advantages of SNIPRs is enhanced modularity, enabling interchangeable 

extracellular recognition domains and transcriptional outputs while maintaining predictable 

activation kinetics138. This modular design allows engineering of receptors responsive to tumor-

associated antigens and supports integration into complex synthetic circuits. Additionally, SNIPR 

constructs have been optimized using humanized components to reduce immunogenic potential, 

an important consideration for clinical translation139. Functionally, SNIPRs enable precise tumor-

specific activation logic. For instance, engagement of tumor antigen A can induce transcription of 

a CAR targeting antigen B or trigger expression of cytokines, immune modulators, or checkpoint 

inhibitors, effectively implementing transcriptionally controlled AND-gate logic138,140. This 

separation of antigen sensing from effector execution allows engineered cells to discriminate 

complex antigen combinations characteristic of heterogeneous tumors such as GBM140. By 

requiring multiple contextual signals, SNIPR systems reduce unintended activation in normal 

tissues expressing only a single antigen, thereby improving therapeutic specificity while 

preserving potent antitumor activity. 

1.5. Antibody Based Immunotherapy 
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Therapeutic antibodies represent one of the most transformative advances in modern oncology. 

Since the approval of rituximab in 1997, monoclonal antibody–based therapies have reshaped the 

treatment landscape across hematologic and solid malignancies141,142. Antibody engineering has 

progressed from murine hybridoma-derived IgG molecules to humanized, fully human, bispecific, 

and Fc-optimized formats, significantly expanding both mechanistic scope and clinical efficacy143–

147. Antibody-based therapeutics function through a combination of antigen-specific targeting and 

immune effector engagement. Structurally, conventional immunoglobulin G (IgG) antibodies 

consist of two antigen-binding Fab regions and an Fc domain capable of interacting with Fc gamma 

receptors (FcγRs) and complement proteins; however, many therapeutic antibodies are specifically 

engineered or selected to minimize FcγR engagement in order to reduce unwanted immune 

activation148. This modular architecture enables both direct tumor targeting and immune-mediated 

cytotoxicity148–151. 

1.5.1. Monoclonal and Bispecific Antibodies 

The development of monoclonal antibodies (mAbs) originated with hybridoma technology, 

enabling production of antigen-specific murine antibodies141. Early clinical applications were 

limited by immunogenicity, leading to the development of chimeric, humanized, and fully human 

antibodies that retained target specificity while minimizing anti-drug immune 

responses144,147,152,153. In oncology, monoclonal antibodies function through several distinct but 

overlapping mechanisms: direct inhibition of oncogenic signaling pathways, induction of receptor 

internalization and degradation, complement-dependent cytotoxicity (CDC), and Fc-mediated 

immune effector functions such as antibody-dependent cellular cytotoxicity (ADCC) and 

antibody-dependent cellular phagocytosis (ADCP)150,154,155. Engagement of FcγRIIIa (CD16) on 

natural killer (NK) cells promotes cytotoxic granule release, whereas binding to FcγRI and FcγRIIa 

on macrophages enhances phagocytosis and inflammatory cytokine production, thereby linking 

tumor antigen recognition to innate immune activation149–151. Clinical successes have validated 

this strategy. Antibodies targeting CD20, HER2, and EGFR have demonstrated durable survival 

benefits in lymphoma and solid tumors, while immune checkpoint inhibitors targeting PD-1 and 

PD-L1 have redefined treatment paradigms across multiple malignancies156–159. Notably, in GBM 

the anti-VEGF monoclonal antibody bevacizumab has shown the ability to reduce tumor-

associated edema and improve progression-free survival by inhibiting angiogenesis, although 
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these benefits do not consistently translate into improved overall survival. Monoclonal antibodies 

exhibit important limitations. Their efficacy often depends on sufficient and homogeneous antigen 

expression as tumor antigen heterogeneity permits immune escape through antigen loss variants160–

162. Moreover, Fc-dependent effector function requires adequate immune cell infiltration and 

functional competence within the tumor microenvironment (TME), which is frequently 

immunosuppressive in solid tumors160. Resistance mechanisms including compensatory signaling 

activation and modulation of Fcγ receptor interactions can further attenuate long-term therapeutic 

responses163,164. To overcome some of these constraints, bispecific antibodies (bsAbs) were 

developed to simultaneously engage two distinct targets. These constructs may bind either two 

tumor-associated antigens or bridge tumor cells to immune effector cells, most notably through 

CD3 engagement on T cells165–168. Bispecific T-cell engagers facilitate formation of an artificial 

immune synapse, lowering the activation threshold for cytotoxic T lymphocytes and enabling 

MHC-independent tumor cell killing169,170. This approach has demonstrated significant efficacy in 

hematologic malignancies, but are still showing challenges in GBM. Early-phase clinical trials, in 

the form of CD3-engaging T-cell engagers that redirect cytotoxic T cells towards tumor-associated 

antigens such as EGFRvIII have demonstrated safety but limited efficacy. However, bispecific 

antibodies remain dependent on systemic immune cell recruitment and can induce cytokine release 

syndrome due to potent T-cell activation171. Although monoclonal and bispecific antibodies have 

transformed modern oncology, their mechanisms largely rely on extracellular antigen recognition 

and recruitment of endogenous immune effector pathways.	 

1.5.2. Fc-fusion proteins 

Fc-fusion proteins represent an evolution of antibody-derived therapeutics that preserve Fc-

mediated immune engagement while expanding structural and functional versatility. These 

proteins function by genetically coupling an active targeting or receptor domain to the Fc region 

of an immunoglobulin, most commonly human IgG1, thereby harnessing both specific tumor 

engagement and innate immune effector mechanisms172,173. This architecture provides several 

pharmacological and immunological advantages that make Fc-fusion constructs attractive 

therapeutic platforms, including applications in oncology. Structurally, Fc-fusion proteins form 

dimers through the IgG hinge region, allowing two of the same or different fused ligands to be 

presented simultaneously, thereby increasing binding avidity and functionality174.  The Fc domain 
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also interacts with the neonatal Fc receptor (FcRn), which protects IgG from lysosomal 

degradation and recycles it back into circulation, substantially prolonging the plasma half-life of 

Fc-fusion therapeutics175,176. As a result, these molecules typically remain in circulation for 

approximately one to two weeks, significantly longer than most recombinant proteins. In addition 

to improving pharmacokinetics, the Fc domain enables interactions with Fcγ receptors (FcγRs) 

expressed on immune cells, including natural killer (NK) cells, macrophages, and dendritic cells, 

which can promote immune-mediated effector responses such as antibody-dependent cellular 

cytotoxicity (ADCC)173,177. This mechanism is well established in antibody-based cancer therapies 

such as rituximab and trastuzumab, where FcγRIIIa engagement on NK cells contributes to tumor 

cell killing178. Fc-fusion proteins can therefore be engineered to either enhance or minimize these 

effector interactions depending on therapeutic goals. For example, modifications within the Fc 

domain, such as amino-acid substitutions or altered glycosylation patterns can increase affinity for 

FcγRIIIa and thereby enhance immune-mediated tumor destruction179. Many Fc-fusion 

therapeutics instead function by modulating receptor–ligand interactions. The tumor necrosis 

factor (TNF) inhibitor etanercept, for instance, consists of the extracellular domain of the TNF 

receptor fused to IgG1 Fc and acts as a soluble decoy receptor that neutralizes TNF-α180. Similarly, 

other Fc-fusion constructs such as aflibercept and abatacept function by intercepting ligands or 

costimulatory molecules to regulate signaling pathways involved in inflammation or immune 

activation181,182. Beyond functional activity, the Fc domain also improves the biochemical 

properties of fusion proteins by enhancing solubility, structural stability, and 

manufacturability172,174.  Together, these features extended half-life, immune effector engagement, 

increased ligand avidity, and improved manufacturability have established Fc-fusion proteins as a 

versatile and increasingly important class of biologics for therapeutic development, including 

emerging strategies in cancer immunotherapy. 

1.6. Glioblastoma Therapeutic Targets 

1.6.1. Interleukin-13 Receptor Alpha 2 

Interleukin-13 receptor alpha 2 (IL13Rα2) is a well-characterized tumor-associated antigen 

and an important therapeutic target in GBM183,184. IL13Rα2 is highly overexpressed in many GBM 

tumors while demonstrating minimal expression in normal brain tissue, making it an attractive 

target for tumor-selective immunotherapies183,185. Although initially described as a decoy receptor 
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that binds IL-13 with high affinity, subsequent studies have shown that IL13Rα2 can actively 

contribute to tumor progression by promoting glioma cell invasion, migration, and survival186–189. 

Importantly, IL13Rα2 is expressed in a substantial proportion of GBM tumors and has also been 

detected on glioma stem-like cells, which are thought to contribute to tumor recurrence and 

treatment resistance190,191. These characteristics have led to the development of multiple IL13Rα2-

targeted therapeutic strategies, including IL-13–based cytotoxins, monoclonal antibodies, peptide 

and dendritic cell vaccines, and CAR T-cell therapies designed to recognize IL13Rα2-expressing 

tumor cells192. Clinical evidence supporting IL13Rα2 as a therapeutic target was demonstrated in 

a notable case study reported in the New England Journal of Medicine, in which a patient with 

recurrent multifocal GBM received CAR T cells engineered to target IL13Rα2193. The patient was 

treated with multiple intracranial infusions of IL13Rα2-specific CAR T cells over a period of 

approximately 220 days, delivered first into the resected tumor cavity and later into the ventricular 

system to allow broader distribution within the central nervous system193–196. Following treatment, 

imaging revealed regression of all intracranial and spinal tumors, accompanied by increased 

immune cell and cytokine levels in the cerebrospinal fluid, indicating robust immune activation193. 

The patient experienced a complete clinical response that lasted approximately 7.5 months without 

grade ≥3 toxicities, demonstrating the feasibility and potential efficacy of targeting IL13Rα2 in 

GBM193. However, the disease ultimately recurred, and analysis of recurrent lesions showed 

reduced IL13Rα2 expression, highlighting the challenge of antigen heterogeneity and immune 

escape in targeted immunotherapies for GBM.  

1.6.2. Epidermal Growth Factor Receptor Variant III 

Epidermal growth factor receptor variant III (EGFRvIII) is one of the most well-characterized 

tumor-specific mutations in GBM and represents an important molecular target for 

immunotherapy194–201. EGFRvIII arises from a genomic rearrangement in the EGFR gene that 

deletes exons 2–7, resulting in an in-frame fusion of exon 1 to 8 and producing a truncated receptor 

lacking a portion of the extracellular ligand-binding domain and generating a novel epitope202,203. 

This mutation results in a constitutively active receptor that signals independently of ligand 

binding, driving oncogenic pathways that promote tumor cell proliferation, invasion, angiogenesis, 

and resistance to apoptosis200,204–207. EGFRvIII is present in approximately 25–33% of GBM 

tumors and is typically absent from normal tissues, making it an attractive tumor-specific antigen 
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for targeted therapies208. The mutant receptor preferentially activates downstream signaling 

pathways such as PI3K/Akt, which contribute to tumor growth and resistance to radiation and 

chemotherapy205,209,210. Because of its tumor-restricted expression and role in GBM progression, 

numerous therapeutic strategies have been developed to target EGFRvIII. These include 

monoclonal antibodies, peptide vaccines, chimeric antigen receptor (CAR) T-cell therapies, and 

bispecific T-cell engager molecules designed to selectively recognize and eliminate EGFRvIII-

expressing tumor cells211–214. Preclinical and clinical studies have demonstrated that targeting 

EGFRvIII can induce tumor-specific immune responses and inhibit tumor growth in experimental 

models24,215,216. However, therapeutic responses have been limited by challenges such as 

intratumoral heterogeneity and the loss or downregulation of EGFRvIII expression following 

targeted treatment217. Despite these limitations, EGFRvIII remains a promising target for precision 

immunotherapy approaches in GBM, particularly when incorporated into combination strategies 

aimed at overcoming antigen escape and tumor heterogeneity.  

1.7. Cytotoxic Therapeutic Strategies 

1.7.1. Phosphatase and Tensin Homolog Restoration in Glioblastoma 

Loss or mutation of the tumor suppressor phosphatase and Tensin homolog (PTEN) is a 

frequent molecular alteration in GBM and contributes significantly to tumor progression through 

dysregulation of the phosphoinositide 3-kinase (PI3K)/AKT signaling pathway218–220. PTEN 

functions as a lipid phosphatase that antagonizes PI3K signaling by dephosphorylating 

phosphatidylinositol-3,4,5-trisphosphate (PIP3), thereby preventing activation of AKT and 

downstream pathways that promote cell survival, proliferation, and metabolic activity218. 

Consequently, PTEN loss leads to constitutive activation of PI3K–AKT signaling, which is 

commonly observed in GBM and contributes to aggressive tumor growth and resistance to 

therapy221. Because of its central role in regulating oncogenic signaling, restoration of PTEN 

expression has been investigated as a potential therapeutic strategy for GBM. Experimental studies 

have demonstrated that reintroduction of wild-type PTEN into PTEN-deficient glioma cells can 

significantly suppress tumor cell growth. For example, adenoviral-mediated delivery of PTEN into 

endometrial and colorectal cell lines resulted in a marked inhibition of proliferation and induction 

of apoptosis, accompanied by reduced AKT phosphorylation and suppression of downstream 

survival signaling222,223. In another experimental approach, PTEN gene transfer into glioma cells 
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produced substantial cell-cycle effects, including accumulation of tumor cells in the G0/G1 phase 

and decreased progression through the S phase, ultimately leading to inhibition of tumor cell 

expansion224. Importantly, these effects translated into measurable antitumor efficacy in vivo224. 

In xenograft models of GBM, restoration of PTEN expression significantly suppressed tumor 

growth and reduced tumor volume compared with control-treated tumors, demonstrating that 

reactivation of PTEN signaling can impair glioma progression in living systems224. More recent 

gene-therapy strategies have continued to explore PTEN restoration approaches using viral vectors 

designed to enhance delivery and expression in tumor cells225,226. In these studies, PTEN gene 

delivery was shown to inhibit glioma cell proliferation, reduce migratory capacity, and induce 

apoptosis, highlighting the continued therapeutic interest in restoring PTEN function in PTEN-

deficient GBM227. A particularly promising strategy for restoring PTEN activity in GBM involves 

the use of PTEN-L, a translational isoform of PTEN that contains an additional N-terminal 

extension enabling secretion and intercellular transfer of the protein228. PTEN-L is generated from 

an alternative upstream start codon, adding 173 amino acids that include a polyarginine motif 

facilitating uptake into neighboring cells, allowing PTEN activity to be restored in PTEN-deficient 

cells through extracellular delivery mechanisms229. Building on this concept, engineered variants 

of PTEN-L have been developed to improve secretion and intercellular transfer efficiency. One 

such construct, light-chain leader PTEN-L (lclPTENL), replaces the native PTEN-L leader 

sequence with a human IgG light-chain leader peptide to enhance secretion through the classical 

secretory pathway228. In GBM models, cells engineered to express lclPTENL efficiently secreted 

the protein into the extracellular environment, where it was subsequently taken up by neighboring 

PTEN-deficient tumor cells and restored catalytic PTEN activity, resulting in reduced AKT 

phosphorylation and suppression of tumor cell proliferation229. Importantly, neural stem cells 

engineered to express lclPTENL were able to transfer catalytically active PTEN to adjacent GBM 

cells and significantly inhibit tumor cell motility and proliferation in coculture experiments, 

demonstrating the feasibility of cell-mediated delivery of functional PTEN activity to tumor 

cells 228. These findings suggest that NSC-mediated delivery of lclPTENL represents a promising 

strategy for restoring tumor suppressor signaling within the GBM microenvironment, providing a 

mechanistic foundation for therapeutic approaches that combine stem-cell tumor tropism with 

intracellular tumor suppressor restoration228.  
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1.7.2. CD47 Anti-Cancer Therapy 

The CD47–SIRPα signaling axis has emerged as an important innate immune checkpoint in 

cancer immunotherapy, functioning primarily to regulate macrophage-mediated phagocytosis. 

CD47 is a ubiquitously expressed transmembrane protein belonging to the immunoglobulin 

superfamily that serves as a marker of “self” on healthy cells230–233. When CD47 binds to signal 

regulatory protein-α (SIRPα), a receptor expressed on macrophages and other myeloid cells, 

inhibitory signaling is initiated that suppresses phagocytosis of the interacting cell234,235. This 

interaction therefore functions as a critical “don’t eat me” signal, preventing immune-mediated 

clearance of healthy host tissues under normal physiological conditions230–232,236. Mechanistically, 

engagement of CD47 with the extracellular Ig-like domain of SIRPα triggers phosphorylation of 

immunoreceptor tyrosine-based inhibitory motifs (ITIMs) within the cytoplasmic domain of 

SIRPα236. These phosphorylated motifs recruit the phosphatases SHP-1 and SHP-2, which 

suppress cytoskeletal rearrangements necessary for phagocytic synapse formation in 

macrophages237–239. As a result, accumulation of myosin II at the phagocytic interface is inhibited, 

effectively blocking engulfment of the target cell240. Macrophage-mediated clearance of cells is 

therefore determined by a balance between activating “eat me” signals and inhibitory signals such 

as CD47, and disruption of this balance is a key mechanism by which tumor cells evade immune 

surveillance . Many cancers exploit this pathway by overexpressing CD47, thereby amplifying 

inhibitory signaling and preventing immune-mediated elimination241. Elevated CD47 expression 

has been documented across numerous malignancies and is frequently associated with poor clinical 

outcomes due to enhanced immune evasion and tumor progression241. In GBM, CD47 is highly 

expressed on tumor cells and particularly enriched on GBM stem-like cells, which are believed to 

contribute to tumor initiation, recurrence, and therapeutic resistance242. Increased CD47 expression 

in glioma has been correlated with tumor grade and unfavorable prognosis, supporting its role as 

a key immune evasion mechanism within the GBM microenvironment242–244. Preclinical studies 

targeting this pathway have demonstrated that blockade of CD47 can restore macrophage 

phagocytic activity against tumor cells. In GBM models, treatment with anti-CD47 antibodies 

increases macrophage-mediated engulfment of glioma cells and glioma stem cells, leading to 

inhibition of tumor growth and improved survival in experimental models242. Additionally, CD47 

blockade has been shown to promote a shift toward pro-inflammatory macrophage phenotypes 
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within the tumor microenvironment, further enhancing antitumor immune responses245. These 

findings highlight the therapeutic potential of targeting innate immune checkpoints to overcome 

tumor immune evasion. Based on these promising preclinical results, several CD47-targeting 

therapeutics have entered clinical development. These include monoclonal antibodies such 

as Hu5F9-G4, as well as engineered fusion proteins such as SIRPα-Fc constructs (e.g., TTI-

621) that act as decoy receptors to block CD47 signaling while simultaneously engaging Fc 

receptors on macrophages to promote phagocytosis246–248. Early-phase clinical trials are underway 

reporting the safety and tolerability and their encouraging antitumor activity in hematologic 

malignancies and solid tumors249. However, these approaches also reveal important challenges that 

have limited the clinical application of systemic CD47 blockade. One of the primary obstacles to 

systemic CD47-targeting therapies is on-target toxicity in normal tissues, particularly 

anemia248,250. Because CD47 is broadly expressed on healthy cells, including erythrocytes and 

platelets, systemic administration of CD47-blocking antibodies can trigger macrophage-mediated 

clearance of red blood cells, leading to hemolytic anemia and thrombocytopenia251,252. These 

toxicities arise because inhibition of the CD47–SIRPα interaction removes a protective signal that 

normally prevents macrophages from engulfing circulating blood cells. As a result, many 

therapeutic strategies require dose-priming regimens or antibody engineering approaches to 

mitigate hematologic toxicity246,253. Beyond toxicity concerns, systemic CD47 blockade also faces 

challenges related to tumor specificity and therapeutic index. Because CD47 is expressed on nearly 

all cells, systemically delivered antibodies must achieve sufficient concentrations at the tumor site 

without inducing widespread immune activation in normal tissues. This limitation is particularly 

relevant in GBM, where the blood–brain barrier further restricts drug delivery and contributes to 

heterogeneous antibody penetration within the tumor microenvironment. These challenges have 

motivated the development of alternative delivery strategies aimed at localizing CD47 blockade 

within the tumor microenvironment254.  

1.8. Study Rationale and Objectives 

GBM remains one of the most aggressive and treatment-resistant primary brain tumors, 

characterized by diffuse invasion, marked intratumoral heterogeneity, and the presence of the 

blood–brain barrier (BBB), all of which limit the efficacy of conventional and targeted therapies. 

Although antibody-based immunotherapies, including monoclonal and bispecific constructs, have 
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demonstrated clinical success in other cancers, their application in GBM has been constrained by 

poor tumor penetration, limited persistence within the tumor microenvironment, and off-target 

toxicities. Targeting GBM-associated antigens such as CD47 and IL13Rα2 and EGFRvIII presents 

a promising strategy to improve tumor specificity and overcome immune evasion; however, 

effective and controlled delivery of these biologics remains a significant challenge. 

Engineered neural stem cells (NSCs) offer a unique solution to these limitations due to their 

intrinsic tumor-tropic properties, allowing them to migrate toward and infiltrate GBM lesions. 

Leveraging NSCs as cellular delivery vehicles enables localized and sustained production of 

therapeutic agents directly within the tumor microenvironment. In this project, PBiNSCs are 

engineered with a SNIPR system to provide antigen-dependent recognition and response to control 

of therapeutic expression. SNIPRs are designed to recognize specific tumor-associated antigens 

such as IL13Ra2 and EGFRvIII and, upon engagement, activate intracellular transcriptional 

programs that drive expression of a therapeutic payload such as lclPTENL. This inducible system 

introduces an additional layer of spatial and molecular specificity, ensuring that therapeutic protein 

production is preferentially activated in the presence of tumor cells, thereby reducing off-target 

effects and improving safety. 

The therapeutic payload investigated in this study is a bispecific Fc fusion protein targeting 

CD47 and IL13Rα2. Fc fusion proteins offer several advantages, including enhanced stability, 

dimerization, and prolonged half-life, while bi-specificity enables simultaneous targeting of 

multiple tumor-associated pathways. This cytotoxic payload can further potentiate anti-tumor 

immunity through FcγR engagement, promoting the recruitment and activation of immune effector 

cells such as macrophages and T cells. Concurrently, blockade of CD47 signaling relieves the 

inhibitory “don’t eat me” signal that suppresses phagocytosis, thereby enabling more effective 

immune recognition and clearance of tumor cells within the GBM microenvironment. 

The rationale of this study is therefore: (1) to investigate SNIPR-based and NSC-mediated 

systems as a strategy for tumor-specific, inducible therapeutic activation, and (2) to evaluate a 

GBM bispecific Fc fusion protein designed to block CD47 signaling while promoting Fcγ 

receptor–mediated immune responses in GBM. 
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2. Results 

2.1. SyNthetic Intramembrane Proteolysis Receptor for Glioblastoma Recognition and 

Response 

2.1.1. SyNthetic Intramembrane Proteolysis Receptor Design 

The SNIPR-based system is engineered as a modular, ligand-inducible signaling platform 

that couples extracellular antigen recognition to customizable transcriptional outputs138. The 

receptor design is adapted from the core regulatory mechanism of the Notch signaling pathway, in 

which ligand binding induces conformational changes that expose a proteolytic cleavage site 

within the transmembrane domain. Structurally, the SNIPR consists of an extracellular antigen 

recognition domain, typically a single-chain variable fragment (scFv) specific to a target antigen 

such as CD19, fused to a Notch-derived regulatory core containing a negative regulatory region 

(NRR), transmembrane domain, and juxtamembrane cleavage sites (Figure 1A). Upon antigen 

engagement, mechanical forces generated through receptor–ligand interaction relieve 

autoinhibition of the NRR, enabling sequential proteolytic cleavage events that release the 

intracellular transcription factor domain (Figure 1C). In this system, the intracellular domain is 

replaced with a chosen orthogonal transcription factor, HNF1A, which is not endogenously 

expressed in PBiNSCs, as confirmed by RNA sequencing analysis (GSE117720), which showed 

read counts between 0–1, thereby ensuring tight control over downstream transcriptional 

activation121. Complementing the receptor, the SNIPR response element is designed as a synthetic, 

transcription factor–responsive expression cassette that translates receptor activation into gene 

expression (Figure 1B). This construct consists of tandem repeats of transcription factor binding 

motifs specific to the released intracellular domain (e.g., HNF1A response elements) positioned 

upstream of a minimal promoter with low basal activity. This configuration minimizes background 

expression while enabling strong inducible transcription upon activation. Downstream of this 

promoter, an inducible gene, initially a fluorescent reporter such as BFP is expressed, while a 

separate constitutive promoter drives expression of a fluorescent marker (mCitrine) to label 

transduced cells and allow normalization of activation efficiency. The modular architecture of this 

response element enables straightforward substitution of the reporter gene with alternative 

payloads, such as therapeutic proteins, without altering upstream regulatory components. 

Assembly of both the SNIPR receptor and response element plasmids is achieved through standard 
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molecular cloning strategies, including restriction enzyme digestion and recombination-based 

methods allowing flexible exchange of extracellular recognition domains, intracellular 

transcription factors, and inducible output genes to tailor the system for specific applications. 

 

 

 

Figure 1: Plasmid maps illustrating the lentiviral constructs used for SNIPR-based engineering (A) SNIPR 
receptor construct (pHR_PGK_SNIPR_Humanized Hinge Notch SNIPR (HNF1A) was a gift from Kole Roybal 
(Addgene plasmid #188384 ; http://n2t.net/addgene:188384 ; RRID:Addgene:188384)), encoding an antigen-
recognition extracellular domain fused to a synthetic Notch receptor core consisting of a Notch1 transmembrane 
domain and Notch2 juxtamembrane domain, coupled to an inducible transcription factor (HNF1A DNA-binding 
domain fused to p65 activation domain), and (B) complementary SNIPR construct (pHR_HNF1A-
RE_tBFP_PGK_mCitrine was a gift from Kole Roybal (Addgene plasmid #188387 ; http://n2t.net/?addgene:188387 
RRID:Addgene:188387)) used for expression of the corresponding signaling or reporter components. Both constructs 
are driven by constitutive promoters within a lentiviral backbone, enabling stable integration and expression in target 
cells. (C) Schematic representation of the SNIPR mechanism: upon binding of the extracellular domain to a tumor-
associated antigen, the receptor undergoes conformational activation and proteolytic cleavage within the Notch core. 
This releases the intracellular transcriptional domain, which translocates to the nucleus and induces expression of 
downstream target genes. This system enables tightly controlled, antigen-dependent activation of therapeutic gene 
expression. 

 

2.1.2. Functional Validation of the Anti-CD19 SNIPR System in PBiNSCs 

2.1.2.1. Streptavidin bead-based antigen presentation approach of activation 

To evaluate antigen-dependent activation of the engineered receptor, SNIPR functionality 

was assessed using a streptavidin bead-based stimulation system presenting CD19. PBiNSCs  

transduced with increasing lentiviral volumes (100–500 µL) of CD19 SNIPR inducible BFP were 

exposed to CD19-conjugated streptavidin beads to enable receptor engagement under controlled 
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conditions. Fluorescence imaging was used to assess activation, with constitutive mCitrine 

expression identifying transduced cells and inducible BFP expression serving as a readout of 

SNIPR activation (Figure 2A). Images were acquired under consistent exposure settings and 

quantified using Fiji (ImageJ) by normalizing total BFP signal to total mCitrine signal to account 

for differences in transduction efficiency. Quantitative analysis revealed a clear lentiviral volume–

dependent increase in SNIPR activation in the CD19-positive condition, with activation rising 

from approximately 0.1% at 100 µL, to 0.4% at 200 µL, 1.8% at 300 µL, 4.5% at 400 µL, and 

reaching 4.7% at 500 µL (Figure 2B). In contrast, CD19-negative control conditions exhibited 

minimal activation across all viral inputs, remaining low at approximately 0.2–0.3% at 100–300 

µL, with only a modest increase to 0.6% at 400 µL and 0.3% at 500 µL. This demonstrates a clear 

separation between antigen-presenting and control conditions, particularly at higher lentiviral 

inputs. Across lentiviral volumes, increasing viral input correlated with enhanced SNIPR 

activation in CD19-positive conditions, suggesting that higher receptor expression improves 

sensitivity to ligand engagement. However, a slight increase in basal activation was also observed 

at higher viral inputs in control conditions, indicating that elevated receptor expression may 

contribute to low-level ligand-independent signaling. Collectively, these findings demonstrate that 

the SNIPR system exhibits antigen-dependent activation in response to CD19, with activation 

increasing in a dose-dependent manner while maintaining low background in the absence of 

ligand. 

 

Figure 2: Streptavidin bead-based activation of CD19 SNIPR inducible BFP in PBiNSCs. PBiNSCs transduced 
with increasing lentiviral volumes (100–500 µL) of CD19 SNIPR and BFP reporter constructs were co-cultured for 
72 hours with streptavidin-coated beads conjugated to biotinylated CD19 antigen to induce receptor activation. As a 
negative control, cells were cultured with streptavidin-coated beads lacking CD19. Following incubation, cells were 
fixed on coverslips and imaged at 10× magnification using a Zeiss Axio Imager M2 fluorescence microscope. 
Constitutive mCitrine expression identifies PBiNSCs successfully transduced with SNIPR response element, while 
SNIPR activation is indicated by induction of BFP expression. Scale bar = 200 µm. (B) Quantification of SNIPR 
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activation, represented as the percentage of BFP-positive cells per condition. Cells were analyzed using Fiji (ImageJ), 
and the proportion of activated (BFP⁺) cells was calculated relative to the total mCitrine⁺ population. Error bars 
represent the standard error of the mean (SEM) across 8 image fields. 

2.1.2.2. Cell-based approach of SNIPR activation 

To evaluate SNIPR activation in a physiologically relevant context, receptor functionality 

was assessed using a cell-based co-culture system with CD19-expressing target cells. CD19 

SNIPR inducible BFP expressing PBiNSCs were co-cultured with CD19-positive Raji cells, 

enabling assessment of receptor activation in response to native ligand presentation, or CD19-

negative THP-1 cells as a negative control. Fluorescence imaging was used to quantify activation, 

with constitutive mCitrine expression identifying transduced cells and inducible BFP expression 

serving as a readout of SNIPR activation (Figure 3A). BFP signal was normalized to mCitrine 

expression to account for differences in transduction efficiency. Quantitative analysis revealed a 

lentiviral volume–dependent increase in SNIPR activation in the CD19-positive co-culture 

condition, with activation rising from approximately 4% at 100 µL, to 38% at 200 µL, 43% at 300 

µL, and peaking at 53% at 400 µL, before decreasing to 28% at 500 µL (Figure 3B). In contrast, 

THP-1 control co-cultures exhibited lower levels of activation across all conditions, increasing 

from approximately 0.22% at 100 µL to 8% at 200 µL and 300 µL, 12% at 400 µL, and 25% at 

500 µL. This demonstrates a clear separation between CD19-positive and CD19-negative 

conditions at intermediate viral inputs, with reduced specificity observed at the highest lentiviral 

volume. Across lentiviral inputs, increasing viral transduction volumes was associated with 

increased SNIPR activation in both conditions however, maximal antigen-specific activation was 

observed at 400 µL, suggesting an optimal balance between receptor expression and specificity. 

The decline in activation at 500 µL in CD19-positive cells, coupled with increased basal activation 

in control cells, may reflect receptor overexpression leading to reduced signaling efficiency or 

increased ligand-independent activation. Collectively, these findings demonstrate robust and 

antigen-dependent activation of the SNIPR system in a cell-based model, with significantly greater 

activation compared to bead-based stimulation and an optimal functional window at intermediate 

receptor expression levels. 
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Figure 3: Cell-based activation of CD19 SNIPR inducible BFP in PBiNSCs. (A) PBiNSCs transduced with 
increasing lentiviral volumes (100–500 µL) of CD19 SNIPR and BFP reporter constructs were co-cultured for 72 
hours with CD19+ve cells (Raji cells). As a negative control, cells were cultured with CD19-ve cells (THP-1) cells. 
Following incubation, cells were fixed on coverslips and imaged at 10× magnification using a Zeiss Axio Imager M2 
fluorescence microscope. Constitutive mCitrine expression identifies PBiNSCs successfully transduced with SNIPR 
response element, while SNIPR activation is indicated by induction of BFP expression. Scale bar = 200 µm. (B) 
Quantification of SNIPR activation, represented as the percentage of BFP-positive cells per condition. Cells were 
analyzed using Fiji (ImageJ), and the proportion of activated (BFP⁺) cells was calculated relative to the total mCitrine⁺ 
population. Error bars represent the standard error of the mean (SEM) across 8 image fields. 

2.1.3. Construction and Validation of the SNIPR-lclPTENL Therapeutic Plasmid 

Following confirmation of CD19 SNIPR activation, the next objective was to engineer the 

SNIPR system to express lclPTENL as a therapeutic payload upon receptor activation. lclPTENL 

is an optimized form of the secreted PTEN-Long isoform of PTEN, a tumor suppressor frequently 

lost or functionally inactivated in many cancers228. Expression of lclPTENL has been shown to 

restore PTEN signaling in recipient cells through its ability to enter neighboring cells and 

antagonize oncogenic PI3K/AKT signaling pathways228. To generate a SNIPR-responsive 

therapeutic construct, the lclPTENL coding sequence was inserted into the SNIPR response 

element in place of the BFP reporter gene. Additionally, a variation of the Woodchuck Hepatitis 

Virus Posttranscriptional Regulatory Element (WPRE) was added to the end of the lclPTENL 

sequence255. This regulatory element creates a tertiary structure when its translated that helps to 

enhance the expression of transgenes in viral vectors. Insertion of the lclPTENL sequence into the 

SNIPR target plasmid was performed using HiFi DNA assembly at a 2:1 insert-to-backbone ratio. 

This cloning strategy utilizes a mixture of exonuclease, polymerase, and ligase activities to 

generate complementary single-stranded overhangs, allowing seamless annealing and ligation of 

the insert into the vector backbone. The assembled plasmids were subsequently transformed into 

competent E. coli for amplification, followed by plasmid purification. Correct assembly of the 
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SNIPR inducible lclPTENL constructs was verified by restriction digest analysis using restriction 

digest which produced DNA fragments corresponding to the expected sizes of approximately 7.9 

kb for the plasmid backbone and 2.0 kb for the inserted lclPTENL sequence, confirming successful 

cloning of the therapeutic payload. 

2.1.4. CD19 SNIPR-Induced Expression of lclPTENL in PBiNSCs 

2.1.4.1. Streptavidin bead-based approach to CD19 SNIPR inducible 

lclPTENL activation 

To evaluate the functionality of the engineered SNIPR system for inducible expression and 

secretion of lclPTENL, activation was first assessed using the streptavidin bead–based system. 

Streptavidin-coated beads conjugated with biotinylated CD19 were co-cultured with CD19 SNIPR 

inducible lclPTENL expressing PBiNSCs at a 1:5 bead-to-cell ratio to provide a defined and 

localized source of antigen presentation. Control conditions included streptavidin beads lacking 

CD19 to assess ligand-independent activation. After 72 hours, co-culture supernatant was collected 

to assess secretion of lclPTENL. To detect secreted protein, conditioned media was subjected to 

immunoprecipitation to enrich for lclPTENL prior to Western blot analysis. As a positive control, 

immunoprecipitated samples from PBiNSCs constitutively expressing lclPTENL were run in 

parallel to provide a reference for maximal expression and secretion levels. Western blot analysis 

revealed minimal detectable lclPTENL at 65kDa in the SNIPR-activated condition, with a faint 

band observed at only one lentiviral input, 300uL (Figure 4). No corresponding signal was detected 

in the CD19-negative control, indicating that expression remained antigen-dependent. However, 

the signal intensity was substantially lower than that observed in the constitutive expression 

control, suggesting limited activation and/or secretion under these conditions. Due to the low 

abundance of detected protein, band intensity was insufficient for reliable quantification using 

Image Lab software. These findings are consistent with the modest activation levels observed in 

the BFP reporter system under bead-based stimulation and suggest that while the SNIPR system 

is capable of inducing lclPTENL expression in an antigen-dependent manner, overall protein 

output under these conditions is limited. 
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Figure 4: Streptavidin bead-based activation of CD19 SNIPR inducible lclPTENL in PBiNSC 
immunoprecipitation samples. Immunoprecipitation was performed on media from WT PBiNSCs transduced with 
increasing volumes (100ul-500ul) of CD19 SNIPR inducible lclPTENL lentivirus was co-cultured with streptavidin 
beads with or without biotinylated CD19 attached and was analyzed by SDS-PAGE and immunoblotting. PTEN was 
probed using a PTEN monoclonal antibody (clone D4.3, rabbit IgG1; 1:1000 dilution). A band at ~65 kDa is consistent 
with lclPTENL and a band at ~50 kDa is consistent with endogenous PTEN. Molecular weight marker (left) indicates 
protein size in kDa.  

 

2.1.4.2. Cell-based approach to CD19 SNIPR inducible lclPTENL activation 

Following bead-based activation, the system was further evaluated using a cell-based 

stimulation model to better assess SNIPR-driven expression in a physiologically relevant context. 

CD19 SNIPR inducible lclPTENL expressing PBiNSCs were co-cultured with CD19-positive Raji 

cells at a 1:1 effector-to-target ratio. This approach enabled analysis of both intracellular protein 

and secreted protein levels. After 72 hours, both cell lysates and cell culture supernatant were 

collected and prepared for Western blot analysis. Analysis of cell lysates demonstrated a lentiviral 

volume–dependent increase in lclPTENL expression; however, expression was observed in both 
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CD19-negative and CD19-positive conditions, indicating a degree of ligand-independent 

activation (Figure 5A) . Band intensities were quantified using Image Lab software and normalized 

to GAPDH as a loading control (Figure 5B). Maximal expression was observed in the 500 µL 

CD19-positive condition. Endogenous PTEN expression in PBiNSCs was detected at ~50 kDa, 

while lclPTENL was observed at the expected molecular weight of ~65 kDa, confirming successful 

expression of the engineered construct. Co-culture supernatant samples were subjected to 

immunoprecipitation prior to Western blot analysis to enrich for secreted lclPTENL. In contrast to 

lysate samples, a clearer distinction between CD19-negative and CD19-positive conditions was 

observed following immunoprecipitation, with increased lclPTENL signal detected in the presence 

of antigen (Figure 6A). Notably, when compared to the positive control consisting of constitutively 

expressed constitutive lclPTENL, the 400 µL CD19-positive condition demonstrated 

approximately two-fold higher levels of lclPTENL following immunoprecipitation (Figure 6B). 

Although some ligand-independent activation was detected across conditions, expression was 

consistently elevated in the CD19-positive groups, supporting antigen-dependent activation of the 

SNIPR system.  

 

Figure 5: Cell based activation of CD19 SNIPR inducible lclPTENL in PBiNSC cell lysates. (A) Lysates from 
WT PBiNSCs transduced with increasing volumes (100ul-500ul) of CD19 SNIPR inducible lclPTENL lentivirus co-
cultured with Raji or THP-1 cells and was analyzed by SDS-PAGE and immunoblotting. PTEN was probed using a 
PTEN monoclonal antibody (clone D4.3, rabbit IgG1; 1:1000 dilution). A band at ~65 kDa is consistent with lclPTENL 
and a band at ~50 kDa is consistent with endogenous PTEN. Molecular weight marker (left) indicates protein size in 
kDa. (B) Band intensities from the western blot were quantified by Image Lab analysis. 
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Figure 6: Cell based activation of CD19 SNIPR inducible lclPTENL in PBiNSC immunoprecipitation samples. 
Immunoprecipitation was performed on media from WT PBiNSCs transduced with increasing volumes (100ul-500ul) 
of CD19 SNIPR inducible lclPTENL lentivirus co-cultured with Raji or THP-1 cells and was analyzed by SDS-PAGE 
and immunoblotting. PTEN was probed using a PTEN monoclonal antibody (clone D4.3, rabbit IgG1; 1:1000 
dilution). A band at ~65 kDa is consistent with lclPTENL and a band at ~50 kDa is consistent with endogenous PTEN. 
Molecular weight marker (left) indicates protein size in kDa. (B) Band intensities from the western blot were 
quantified by Image Lab analysis. 

 

2.1.5. Biological Impact of lclPTENL on Glioblastoma Cells: Modulation of p16 

Expression 

To investigate the biological impact of lclPTENL uptake in GBM cells, expression of the 

cell cycle regulator p16 (CDKN2A) was assessed by Western blot following treatment with 

conditioned media from constitutively expressing lclPTENL PBiNSCs (Figure 7A). p16 is a key 

inhibitor of CDK4/6 that regulates G1–S cell cycle progression through the RB pathway and is 

frequently dysregulated in GBM256. To isolate the effects of lclPTENL independent of inducible 

systems, primary GBM cell lines (PriGO9 and PriGO17) were treated with conditioned media 

derived from PBiNSCs constitutively expressing lclPTENL. Following 48 hours of treatment, cell 

lysates were collected and analyzed by Western blot for p16 expression (Figure 7A). In PriGO9 

and PriGO17 cells, p16 was detected as a band at approximately 16 kDa and quantified by Image 

Lab software (Figure 7B). Band intensities were normalized to GAPDH to control for loading 

differences. In agreement with the initial hypothesis, treatment with lclPTENL-conditioned media 

resulted in an increase in p16 expression in PriGO9 cells compared to WT-conditioned media, 



 31 

with this increase reaching statistical significance. The selective increase in p16 expression 

observed in WT CDKN2A PriGO9 cells, but not WT CDKN2A PriGO17 cells, is consistent with 

previous findings from our lab showing decreased proliferation in only PriGO9 cells following 

lclPTENL treatment. 

 
Figure 7: Impact of lclPTENL on p16 expression in PriGO cells (A) Cell lysates from PriGO9, and PriGO17 cells 
cultured in either WT-conditioned media or lclPTENL-conditioned media for 72h were analyzed by SDS-PAGE and 
immunoblotting. p16 was probed using a P16INK4a monoclonal antibody (clone 1D7D2, mouse IgG1; 1:1000 
dilution). A band at ~16 kDa is consistent with p16. Molecular weight marker (left) indicates protein size in kDa. (B) 
Quantification of p16 protein expression in and PriGO9 and PriGO17 cells cultured in WT or lclPTENL conditioned 
media. Band intensities from (A) were quantified by Image Lab analysis and averages of GAPDH normalized band 
volumes are shown. Error bars show standard deviation of 3 replicates. * p<0.05 

 

2.1.6. Engineering a Glioblastoma-Specific SNIPR Targeting IL13Rα2 

2.1.6.1. Design of rIL13-SNIPR Receptor 

Given that CD19 is not a GBM-specific antigen, the SNIPR receptor was re-engineered to 

incorporate a disease-relevant extracellular domain (ECD) capable of recognizing GBM-

associated targets. The modular architecture of the SNIPR system allows for straightforward 

substitution of the ECD, enabling retargeting of the receptor toward different antigens without 

altering the intracellular signaling machinery138. Structurally, the ECD is a critical determinant of 

receptor specificity and must maintain proper ligand binding affinity, spatial orientation, and 

compatibility with the mechanotransduction requirements necessary for receptor activation. While 

the original CD19-targeting SNIPR utilizes a single-chain variable fragment (scFv), alternative 
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ligand-binding domains can be incorporated to expand targeting capabilities. In this study, the 

ECD was redesigned to target IL13Rα2, a GBM-associated antigen that is overexpressed in tumor 

cells relative to normal brain tissue183,185. To achieve this, a mutated form of interleukin-13 (rIL13) 

containing a E13Y substitution was used as the binding domain183. This engineered ligand is not 

an scFv, but rather a protein-based targeting moiety that has been optimized to enhance specificity 

for IL13Rα2 over IL13Rα1, both of which may be expressed in GBM. Importantly, IL13(E13Y)-

based targeting strategies have been successfully utilized in other therapeutic platforms, including 

CAR-T cell therapies, supporting its suitability for targeted GBM applications69,192. To generate 

the rIL13 SNIPR construct, the CD19-binding domain was replaced with the IL13(E13Y) 

sequence. The rIL13 (E13Y) insert was generated via PCR amplification from a synthesized 

gBlock and assembled into the SNIPR backbone using HiFi DNA assembly, followed by bacterial 

amplification and plasmid purification.  

2.1.6.2. Activation of IL13Rα2 SNIPR inducible BFP in Glioblastoma Co-

culture 

Following engineering of the IL13Rα2-targeting SNIPR, receptor functionality was validated 

using a GBM cell-based activation system to assess antigen-dependent signaling in a 

physiologically relevant context. IL13Rα2 SNIPR inducible BFP-expressing PBiNSCs were co-

cultured with primary GBM (PriGO) cells that had been lentivirally modified to express IL13Rα2, 

as these cells exhibit minimal endogenous expression of the target receptor. Notably, unlike earlier 

experiments utilizing suspension target cells, these GBM cells are adherent, representing a 

different mode of ligand presentation compared to in vitro systems described in the original SNIPR 

study138. This distinction may influence the magnitude and kinetics of SNIPR activation due to 

differences in cell–cell contact dynamics and mechanotransduction. A 1:1 effector-to-target ratio 

was used, consistent with previously established SNIPR activation conditions. Cells were imaged 

using live-cell fluorescence microscopy to assess inducible BFP expression alongside constitutive 

mCitrine expression, allowing normalization of activation to transduced cell populations (Figure 

8A). Upon analysis, appreciable ligand-independent activation was observed across conditions, 

showing 40% of cells BFP+ in both the WT and IL13Ra2 PriGO9 conditions raising concerns 

regarding the specificity and tunability of the system using this specific extracellular domain 

(Figure 8B). This unintended activation is particularly notable in the context of existing evidence 
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suggesting complex binding dynamics between IL13 and IL13 receptor subunits, including 

potential high-affinity or off-target interactions that may contribute to baseline signaling. In 

contrast, in the WT PriGO8 minimal activation, ~20% was seen in IL13Rα2-negative conditions 

as well as IL13Rα2-positive conditions (Figure 8B).  

 

Figure 8: Cell-based activation of IL13Ra2 SNIPR inducible BFP in PBiNSCs co-cultured with PriGO8 and 
PriGO9 cells. (A) PBiNSCs transduced with 500uL lentivirus expressing IL13Ra2 SNIPR inducible BFP were co-
cultured with WT PriGO8/9 (IL13Ra2 negative) or PriGO8/9 cells transduced with lentivirus expressing IL13Ra2. 
Cells were imaged on the BioTek Cytation 5 after 72h at 10X magnification. Constitutive mCitrine expression 
identifies PBiNSCs successfully transduced with SNIPR response element, while SNIPR activation is indicated by 
induction of BFP expression. Scale bar =200um was added using Fiji software. (B) Quantification of SNIPR 
activation, represented as the percentage of BFP-positive cells per condition. Cells were analyzed using Fiji (ImageJ), 
and the proportion of activated (BFP⁺) cells was calculated relative to the total mCitrine⁺ population. Error bars 
represent the standard error of the mean (SEM) across 6 image fields. 

 

2.1.7. Engineering a Glioblastoma-Specific SNIPR Targeting EGFRvIII 

2.1.7.1. Design of EGFRvIII-SNIPR Receptor 

In another attempt to expand the targeting versatility of the SNIPR platform toward 

clinically relevant GBM antigens, a receptor construct specific for EGFRvIII was engineered 

through incorporation of an MR1-derived single-chain variable fragment (scFv) as the 

extracellular recognition domain. EGFRvIII is a tumor-specific, constitutively active mutant of 

EGFR that arises from an in-frame deletion of exons 2–7 and is frequently expressed in GBM 

while being absent from normal tissues, making it an attractive and highly specific therapeutic 
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target. The MR1 scFv, which has been previously validated for selective recognition of EGFRvIII, 

was selected to confer antigen specificity to the SNIPR receptor257. To generate this construct, the 

existing SNIPR receptor was modified by replacing the extracellular CD19- or IL13-based 

targeting domain with the MR1 scFv, while preserving the core receptor architecture required for 

regulated intramembrane proteolysis and downstream transcriptional activation. This modular 

design enables retention of the transmembrane and juxtamembrane Notch-derived domains, as 

well as the intracellular HNF1A transcription factor, ensuring that antigen binding remains coupled 

to inducible gene expression. The MR1 scFv sequence was introduced via PCR amplification and 

seamless cloning into the SNIPR vector using HiFi assembly, followed by bacterial amplification 

and plasmid purification. This strategy highlights the modularity of the SNIPR system, in which 

extracellular domains can be readily exchanged to retarget receptor specificity, and establishes a 

framework for evaluating EGFRvIII-directed activation and therapeutic payload delivery in GBM 

models. 

2.1.7.2. Activation of MR1 SNIPR in Glioblastoma Co-culture 

To determine whether the MR1 SNIPR system can selectively recognize and respond to GBM 

cells expressing EGFRvIII, receptor functionality was evaluated in a tumor-relevant co-culture 

model. This approach enables assessment of antigen-specific activation in the context of native 

cell surface presentation, providing a more biologically meaningful measure of SNIPR 

performance. MR1 SNIPR inducible BFP PBiNSCs (300ul-500ul) were co-cultured with PriGO 

cells engineered to express EGFRvIII, allowing for direct interrogation of receptor activation in 

response to tumor-associated antigen. An equivalent 1:1 effector-to-target ratio was maintained 

across conditions to ensure consistency. Following incubation, cells were fixed and analyzed by 

fluorescence imaging, with constitutive reporter expression used to identify transduced PBiNSCs 

and inducible BFP expression serving as a readout of SNIPR activation (Figure 9A and C). Images 

were acquired at 40X under consistent exposure settings and quantified using Fiji (ImageJ) by 

calculating total BFP signal normalized to total constitutive mCitrine reporter expression to 

account for differences in transduction efficiency. Quantitative analysis revealed robust SNIPR 

activation in EGFRvIII-expressing PriGO9 cells across all lentiviral input conditions, with a ratio 

of 74% of total BFP-positive cells at 300 µL, 72% at 400 µL, and 76% at 500 µL (Figure 9D). In 

contrast, wild-type PriGO cells exhibited minimal activation, with BFP expression remaining near 
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background levels at lower viral inputs and increasing only slightly at the highest condition (~0–

1% at 300–400 µL, rising to ~2–5% at 500 µL). This indicates a clear separation between 

EGFRvIII-positive and wild-type conditions. In the EGFRvIII-expressing PriGO8A cell co-culture 

results show 81% activation at 300 µL, 77% at 400 µL, and 66% at 500 µL, while wild-type cells 

again remained low (~0% at 300–400 µL, increasing to ~5–7% at 500 µL) (Figure 9B). The slight 

increase in basal activation at higher viral inputs is consistent with increased receptor expression 

potentially lowering the activation threshold or promoting low-level ligand-independent signaling.	
Across lentiviral input conditions, SNIPR activation in EGFRvIII-expressing cells remained 

consistently high, with only modest variation between 300–500 µL, suggesting that receptor 

activation reaches a near-maximal threshold at lower viral inputs. Collectively, these findings 

demonstrate that the EGFRvIII SNIPR construct is functionally responsive in a GBM-relevant 

cellular context and is capable of selectively detecting EGFRvIII-expressing tumor cells, 

supporting its potential application in targeted therapeutic strategies. 
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Figure 9: Cell-based activation of EGFRvIII SNIPR inducible BFP in PBiNSCs co-cultured with PriGO8 and 
PriGO9 cells. (A) PBiNSCs transduced with lentivirus containing EGFRvIII SNIPRs were co-cultured with WT 
PriGO9 (EGFRvIII negative) or PriGO9 cells transduced with lentivirus containing EGFRvIII and fixed on coverslips 
after 72h. Coverslips were imaged on the M2 microscope at 40X magnification. Constitutive mCitrine expression 
identifies PBiNSCs successfully transduced with SNIPR response element, while SNIPR activation is indicated by 
induction of BFP expression. Scale bar =20um was added using Fiji software. (B) Quantification of SNIPR activation, 
represented as the percentage of BFP-positive cells per condition. Cells were analyzed using Fiji (ImageJ), and the 
proportion of activated (BFP⁺) cells was calculated relative to the total mCitrine⁺ population. Error bars represent the 
standard error of the mean (SEM) across 6 image fields. (C) PBiNSCs transduced with lentivirus containing EGFRvIII 
SNIPRs were co-cultured with WT PriGO8 (EGFRvIII negative) or PriGO8 cells transduced with lentivirus containing 
EGFRvIII and fixed on coverslips after 72h. Coverslips were imaged on the M2 microscope at 40X magnification. 
Constitutive mCitrine expression identifies PBiNSCs successfully transduced with SNIPR response element, while 
SNIPR activation is indicated by induction of BFP expression. Scale bar =20um was added using Fiji software. (D) 
Quantification of SNIPR activation, represented as the percentage of BFP-positive cells per condition. Cells were 
analyzed using Fiji (ImageJ), and the proportion of activated (BFP⁺) cells was calculated relative to the total mCitrine⁺ 
population. Error bars represent the standard error of the mean (SEM) across 6 image fields. 
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2.1.8. Evaluating activation of EGFRvIII SNIPR inducible lclPTENL expression 

using bead-based approach  

To evaluate the functionality of the engineered MR1 SNIPR system for inducible 

expression of lclPTENL, activation was assessed using a streptavidin bead–based system 

presenting biotinylated EGFRvIII. SNIPR-transduced PBiNSCs were initially co-cultured with 

EGFRvIII-conjugated beads at a 1:1 bead-to-cell ratio to provide a controlled source of antigen 

presentation. Following 72 hours of incubation, both cell culture supernatant and cell lysates were 

collected for analysis. Initial attempts to detect secreted lclPTENL via immunoprecipitation of cell 

culture supernatant were unsuccessful, as protein levels were below the detection threshold on 

western blot. As a result, subsequent analysis was performed using whole-cell lysates. Western 

blot analysis revealed only a very faint band corresponding to lclPTENL (~65 kDa) in the 

EGFRvIII-positive condition, with no detectable signal in control conditions lacking antigen 

(Figure 10A). Given that previous experiments using a bead-based approach to SNIPR activation  

demonstrated minimal differences in activation across lentiviral inputs, subsequent experiments 

were performed using only the highest viral condition (500 µL) to maximize receptor expression. 

To further enhance receptor activation, the bead-to-cell ratio was increased to 3:1 based on 

optimization strategies reported in the literature. Under these conditions, a detectable band 

corresponding to lclPTENL was observed in the EGFRvIII-positive samples (Figure 10B). 

Although the signal remained relatively weak, this level of expression is consistent with the modest 

activation typically observed using bead-based stimulation approaches. Collectively, these 

findings indicate that the EGFRvIII SNIPR system is capable of inducing antigen-dependent 

expression of lclPTENL in response to EGFRvIII engagement. 
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Figure 10: Bead-based activation of EGFRvIII SNIPR inducible lclPTENL in PBiNSC cell lysates. Lysates were 
collected from PBiNSCs transduced with 500ul of EGFRvIII SNIPR and ind. lclPTENL lentivirus co-cultured with 
streptavidin beads coated with biotinylated EGFRvIII at a (A) 1:1 bead:cell ratio (B) 3:1 bead:cell ratio. Samples were 
analyzed by SDS-PAGE and immunoblotting. PTEN was probed using a PTEN monoclonal antibody (clone D4.3, 
rabbit IgG; 1:1000 dilution). A band at ~65 kDa is consistent with lclPTENL and a band at ~50 kDa is consistent with 
endogenous PTEN. Molecular weight marker (left) indicates protein size in kDa.  

 

2.1.9. Evaluating activation of EGFRvIII SNIPR using lclPTENL expression using 

cell-based approach  

To determine whether a more physiologically relevant stimulation context could enhance 

lclPTENL expression, the EGFRvIII SNIPR system was next evaluated in a cell-based co-culture 

model using EGFRvIII-expressing PriGO cells. EGFRvIII SNIPR inducible lclPTENL-transduced 

PBiNSCs (300 µL-500 µL lentiviral volume) were co-cultured with either WT or EGFRvIII-

positive PriGO cells to enable receptor activation through native cell surface ligand presentation. 

Following incubation, both cell culture supernatant and cell lysates were collected and analyzed 

by Western blot to assess lclPTENL expression Despite the robust EGFRvIII SNIPR activation 

observed in this system using the BFP response element, no detectable lclPTENL signal (~65 kDa) 
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was observed in either lysate or cell culture supernatant across all conditions, including EGFRvIII-

positive co-cultures (Figure 11A and B). Control conditions similarly showed no detectable signal, 

confirming the absence of background expression. 

 

Figure 11: Cell based activation of EGFRvIII SNIPR inducible lclPTENL PBiNSCs co-cultured with PriGO8 
and PriGO9 cells. (A) Lysates from WT PBiNSCs transduced with varying volumes of EGFRvIII SNIPR and 
inducible lclPTENL lentivirus co-cultured with WT PriGO8 or PriGO9 as a control or EGFRvIII expressing PriGO8 
or PriGO9 cells was analyzed by SDS-PAGE and immunoblotting. (B) Immunoprecipitation was performed on cell 
culture supernatant from WT PBiNSCs transduced with increasing volumes (300uL-500uL) of EGFRvIII SNIPR and 
inducible lclPTENL lentivirus co-cultured with WT PriGO8 or PriGO9 as a control or EGFRvIII expressing PriGO8 
or PriGO9 cells was analyzed by SDS-PAGE and immunoblotting. PTEN was probed using a PTEN monoclonal 
antibody (clone D4.3, rabbit IgG; 1:1000 dilution). A band at ~65 kDa is consistent with lclPTENL and a band at ~50 
kDa is consistent with endogenous PTEN. Molecular weight marker (left) indicates protein size in kDa. 

 

2.1.10. Onco-neurosphere model of EGFRvIII SNIPR activation 

To more closely model the cell–cell interactions expected in vivo, a 3D onco-neurosphere co-

culture system was utilized. This approach enables increased physical contact between GBM 

(PriGO) cells and SNIPR-expressing PBiNSCs, thereby providing a more physiologically relevant 

environment for assessing receptor activation. Within this model, SNIPR activation was evaluated 

through inducible BFP expression in response to EGFRvIII presented by PriGO cells. Onco-

neurospheres were generated by co-seeding PriGO cells labeled with mCherry and EGFRvIII 

SNIPR inducible BFP PBiNSCs labeled with GFP at a 1:1 ratio in non-adherent 6-well plates 

lacking laminin or Matrigel. Cultures were maintained for 72 hours to allow for sphere formation. 
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At this time point, neurospheres were imaged using a BioTek live-cell imager at 10× 

magnification, enabling visualization of cellular organization as well as BFP expression as a 

readout of SNIPR activation. Fluorescence imaging revealed distinct spatial organization within 

the onco-neurospheres, with GFP-positive EGFRvIII SNIPR inducible BFP PBiNSCs 

predominantly localized to the core and mCherry-positive PriGO cells forming an outer layer 

(Figure 12). Consistent with previous 2D co-culture results, robust BFP expression was observed 

in neurospheres containing EGFRvIII-expressing PriGO cells, whereas minimal to no activation 

was detected in neurospheres formed with wild-type PriGOs. This demonstrates that SNIPR 

activation is maintained in a 3D context and remains dependent on EGFRvIII expression. 

To confirm that this neurosphere architecture was preserved when the inducible BFP reporter 

was replaced with the therapeutic payload and check for detectable lclPTENL levels, a parallel 

onco-neurosphere experiment was performed using PBiNSCs transduced with the EGFRvIII 

SNIPR inducible lclPTENL construct. Neurospheres were generated under identical conditions: 

mCherry-labeled PriGO8 or PriGO9 cells and GFP-labeled EGFRvIII SNIPR ind. lclPTENL 

PBiNSCs were co-seeded at a 1:1 ratio in non-adherent 6-well plates and cultured for 72 hours 

prior to imaging. In this experiment, fluorescence imaging shows a different result in that PriGO 

cells formed the majority of the neurosphere while there are  only a few PBiNSCs cells within the 

onco-neurosphere (Figure 13). This spatial organization was consistent across both WT and 

EGFRvIII-expressing PriGO8 and PriGO9 conditions.  

When the same experiment was done using PriGO17 cells, the GBM cells and the EGFRvIII 

SNIRP inducible lclPTENL PBiNSCs did grow together but did not form tightly packed, round 

neurospheres under non-adherent conditions, consistent with their previously characterized 

inability to grow as suspension spheroids alone (Figure 14).  Importantly, the expression of 

EGFRvIII did not rescue or alter the non-sphere-forming phenotype of PriGO17 cells, indicating 

that EGFRvIII expression alone is insufficient to confer the adhesion-independent growth 

properties required for neurosphere formation. A notable and unexpected observation in the 

PriGO17 co-culture conditions was that the EGFRvIII SNIPR inducible lclPTENL PBiNSCs, 

which normally require laminin or Matrigel substrate for adherent growth, displayed adherence to 

the culture plate surface in the presence of PriGO17 cells even in the absence of exogenous 

extracellular matrix coating. This substrate-independent adhesion of PBiNSCs was observed in 
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both EGFRvIII-positive and wild-type PriGO17 conditions and resulted in a growth pattern in 

which PBiNSCs appeared to grow around and in association with the non-sphere-forming 

PriGO17 cells, resembling the spatial organization observed in the lclPTENL neurosphere 

experiments with PriGO8 and PriGO9. One plausible explanation for this phenomenon is that 

PriGO17 cells deposit or express extracellular matrix proteins such as fibronectin, laminin, or 

collagen that provide a permissive substrate for PBiNSC adhesion, but this still need to be 

explored. 

When onco-neurospheres from co-cultures with EGFRvIII SNIPR inducible lclPTENL in both 

EGFRvIII-positive and WT PriGO conditions were collected at the 72-hour endpoint and analyzed 

by Western blot for lclPTENL expression, no detectable band corresponding to lclPTENL (~65 

kDa) was observed in either condition (Figure 15). This absence of detectable lclPTENL in the 3D 

neurosphere model is consistent with the results obtained in the 2D cell-based EGFRvIII SNIPR 

co-culture system. 

 

Figure 12: Onco-neurosphere model of activation of EGFRvIII SNIPR inducible BFP in PBiNSCs with PriGO8 
and PriGO9s. PBiNSCs transduced with lentivirus containing EGFRvIII SNIPR ind. BFP were co-cultured with WT 
PriGO8/9 (EGFRvIII negative) or PriGO8/9 cells transduced with lentivirus containing EGFRvIII in non-adherent 
plates and left to grow for 72h. Onco-neurospheres were imaged using the BioTek Cytation 5 imager at 10X. 
Constitutive mCitrine plasmid present in all PBiNSCs resulting in green fluorescence and all PriGO cell lines are 
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labeled with mCherry. Activation of EGFRvIII SNIPR in PBiNSCs shown by blue fluorescence. Scale bar =200um is 
shown. 

 

 

Figure 13: Onco-neurosphere model of EGFRvIII SNIPR inducible lclPTENL in PBiNSCs with PriGO8 and 
PriGO9s. PBiNSCs transduced with 500uL of lentivirus containing EGFRvIII SNIPR inducible lclPTENL were co-
cultured with WT PriGO8/9 (EGFRvIII negative) or PriGO8/9 cells transduced with lentivirus containing EGFRvIII 
in non-adherent plates and left to grow for 72h. Onco-neurospheres were imaged using the BioTek Cytation 5 imager 
at 10X. Constitutive mCitrine plasmid present in all PBiNSCs resulting in green fluorescence and all PriGO cell lines 
are labeled with mCherry. Scale bar =200um is shown. 
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Figure 14: Co-culture of EGFRvIII SNIPR inducible PBiNSCs with PriGO17s in onco-neurosphere model. 
PBiNSCs transduced with lentivirus containing EGFRvIII SNIPR ind. lclPTENL were co-cultured with mCherry 
WT PriGO17 (EGFRvIII negative) or mCherry PriGO17s cells transduced with lentivirus containing EGFRvIII in 
non-adherent plates and left to grow for 72h. Onco-neurospheres were imaged using the BioTek Cytation 5 imager 
at 10X. Constitutive mCitrine plasmid present in all PBiNSCs resulting in green fluorescence and all PriGO cell 
lines are labeled with mCherry. Activation of EGFRvIII SNIPR in PBiNSCs shown by blue fluorescence. Scale bar 
=200um is shown. 
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Figure 15: Western blot of  EGFRvIII SNIPR inducible lclPTENL onco-neurospheres with 
PriGO cells. Onco-neurosphere lysates were collected after 72h which were made from PBiNSCs transduced 
with 500ul of EGFRvIII SNIPR and inducible lclPTENL lentivirus and (A) WT or EGFRvIII expressing PriGO8 
and PriGO9 (B) WT or EGFRvIII expressing PriGO17 cells were analyzed by SDS-PAGE and immunoblotting. 
PTEN was probed using a PTEN monoclonal antibody (clone D4.3, rabbit IgG; 1:1000 dilution). A band at ~65 kDa 
is consistent with lclPTENL and a band at ~50 kDa is consistent with endogenous PTEN. Molecular weight marker 
(left) indicates protein size in kDa. 

 

2.2. Engineering PBiNSCs with Glioblastoma-Specific Fc Fusion Protein Targeting 

CD47 

While lclPTENL represents a promising SNIPR-inducible cytotoxic payload by virtue of its 

ability to restore tumor suppressor signaling in neighboring PTEN-deficient GBM cells, the 

challenges encountered in detecting EGFRvIII SNIPR-driven lclPTENL expression in primary 

GBM co-culture models highlight the need to consider complementary cytotoxic strategies. We 

therefore engineered PBiNSCs to constitutively secrete a bi-specific Fc fusion protein targeting 
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CD47 alongside GBM-associated antigens, leveraging a distinct but synergistic mechanism of 

tumor cell elimination through innate immune re-engagement rather than intracellular tumor 

suppressor restoration. 

2.2.1. Structure and Function of IL13/SIRPa Bi-specific Fc-fusion Protein 

 
Figure 14: Schematic of the SIRPα/IL13 bispecific Fc-fusion protein. Diagram showing a heterodimeric Fc-fusion 
construct composed of the IgV domain of SIRPα and an IL13 (E13Y) ligand fused to human IgG1 Fc domains. The 
two chains are engineered with complementary “knob” and “hole” mutations within the Fc regions to promote 
heterodimerization, resulting in a single bispecific molecule displaying SIRPα on one arm and IL13 on the other. 

The SIRPα/IL13 bi-specific fc-fusion construct was engineered in previous work as a 

single open reading frame to enable coordinated expression of both targeting moieties while 

preserving the molecular features originally developed in the separate plasmid system. This single-

transcript design encodes an N-terminal signal peptide to direct co-translational entry into the 

endoplasmic reticulum and ensure efficient secretion, followed by the CD47-binding domain of 

human SIRPα fused to a human IgG1 Fc domain containing the “knob” mutations (T366W and 

S354C)258. These mutations, originally generated by PCR-based mutagenesis, introduce steric 

complementarity and an additional disulfide bond to promote heterodimer formation. Downstream 

of this first Fc region, a furin cleavage site (RRKR) and P2A self-cleaving peptide sequence were 

incorporated, preserving the strategy used to co-express two proteins from a single transcript. 
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Ribosomal skipping at the P2A site results in two nascent polypeptides, while furin-mediated 

cleavage within the Golgi removes residual peptide remnants, yielding two independent secreted 

proteins with minimal linker sequences. The second half of the transcript encodes the IL13 binding 

domain fused to a complementary IgG1 Fc “hole” domain containing the mutations T366S, 

L368A, Y407V, and Y349C. These mutations create a cavity to accommodate the “knob” residue 

and introduce a paired disulfide bond with S354C, ensuring preferential heterodimerization 

between the SIRPα–Fc and IL13–Fc chains. In parallel, the IL13 domain contains a E13Y mutation 

introduced by PCR mutagenesis to confer selective binding to IL13Rα2, enhancing GBM 

specificity, and incorporates a modified human IgG light-chain leader sequence to improve 

secretion efficiency. Importantly, both Fc retain canonical structural elements, including the CPPC 

hinge motif for interchain disulfide bonding and the conserved CH2 N-linked glycosylation site 

(N297), which is critical for Fcγ receptor engagement and effector function. Within this construct, 

the two targeting domains serve distinct functional roles: the SIRPα domain drives the cytotoxic 

mechanism by blocking the CD47 "don't eat me" signal on tumor cells, thereby enabling 

macrophage-mediated phagocytosis further potentiated by FcγR engagement on myeloid effector 

cells; however, the SIRPα–CD47 interaction itself is of relatively low intrinsic affinity, with wild-

type human SIRPα binding human CD47 with a KD	in the range of ~100–500 nM259. Tumor 

selectivity should therefore be primarily conferred by the IL13(E13Y) domain, which exploits the 

high and preferential expression of IL13Rα2 on GBM cells. The E13Y substitution confers 

approximately 50-fold higher affinity for IL13Rα2 compared to wild-type IL-13, while 

simultaneously reducing affinity for the IL13Rα1/IL-4Rα signaling complex by approximately 5-

fold, an important selectivity improvement given that IL13Rα1 is broadly expressed on normal 

tissues260. Wild-type IL-13 binds IL13Rα2 with a KD	in the low nanomolar range (~0.25–2.5 nM), 

and the E13Y mutein is expected to bind even more tightly, providing the high-affinity tumor-

targeting anchor that concentrates SIRPα-mediated CD47 blockade at the GBM cell surface. 

Following translation and post-translational processing, the system produces two Fc-fusion 

polypeptides that assemble into a stable, glycosylated heterodimeric bispecific molecule capable 

of simultaneously targeting CD47 and IL13Rα2261. 

2.2.2. Expression of IL13/SIRPa Fc-Fusion Protein in PBiNSCs  
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To confirm stable expression of the bi-specific Fc fusion construct, PBiNSCs were 

transduced and subjected to puromycin selection, enriching for cells that had successfully 

integrated the expression cassette. This selection step ensures that downstream protein detection 

reflects true transgene expression rather than transient or heterogeneous expression. Following 

selection, cells were cultured for 48 hours to allow for transcription, translation, and secretion of 

the Fc fusion protein. Both whole-cell lysates and cell culture supernatant were collected to assess 

intracellular production and extracellular release, respectively. Western blot analysis using an anti-

human Fc–HRP antibody revealed a distinct band at approximately 90 kDa in both lysate and 

media samples. Detection of the protein in the lysate can confirm successful intracellular synthesis, 

along with its presence in conditioned media indicates efficient trafficking through the secretory 

pathway (Figure 17A). This suggests that the fusion protein is correctly folded and processed 

within the endoplasmic reticulum and Golgi apparatus, as improper folding or aggregation would 

typically result in intracellular retention or degradation. The observed molecular weight (~90 kDa) 

is consistent with the predicted size of the Fc fusion construct, supporting the structural integrity 

of the expressed protein. Together, these findings demonstrate that engineered PBiNSCs not only 

express but also secrete a structurally intact Fc fusion protein, supporting their use as a cellular 

delivery platform for sustained, localized therapeutic protein production. 

2.2.3. Assessing the Binding of the IL13/SIRPa Bi-Specific Fc Fusion Protein to 

Primary Glioblastoma Cells 

A key functional feature of this Fc-fusion protein is its ability to bind IL13Rα2-positive 

GBM cells with high affinity, enabling tumor-specific targeting. Given that IL13Rα2 is frequently 

overexpressed in GBM and minimally expressed in normal brain tissue, it represents an attractive 

therapeutic target for selective tumor recognition.	Primary GBM cell lines PriGO8,  PriGO9, 

PriGO17 were incubated with pre-cleared cell culture supernatant derived from engineered 

PBiNSCs for 48 hours and compared to PriGO8 which had been lentivirally modified to express 

IL13Rα2 confirmed by western blot. Following incubation, cell lysates were analyzed by Western 

blot using a polyclonal IgG Fc Antibody to detect Fc-fusion protein bound to or internalized by 

the cells. A band at approximately 90 kDa was detected in all PriGO samples, indicating successful 

association of the Fc fusion protein with GBM cells (Figure 17B). It can also be seen that there is 

no visible increase in band intensity corresponding to the PriGO8 cells that are over expressing 
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IL13Rα2. Mechanistically, the design of the Fc-fusion protein allows for binding mediated through 

the IL13Rα2 antigen-recognition domain of the bispecific construct, which enables simultaneous 

interaction with CD47 and IL13Rα2 on the tumor cell surface. The detection of the Fc fusion 

protein in cell lysates suggests that the construct either remains surface-bound or undergoes 

receptor-mediated internalization following binding. Importantly, the preservation of the ~90 kDa 

band following exposure to GBM cells indicates that the protein remains structurally stable in the 

extracellular environment and retains functional binding capacity after secretion. This supports the 

hypothesis that PBiNSC-derived Fc fusion proteins can effectively target tumor cells in a 

biologically relevant context. 

 

Figure 15: Western blot detection of Expression and Glioblastoma specific binding of IL13/SIRPa bi-specific 
Fc-fusion protein. (A) Western blot detection of IL13/SIRPa bi-specific Fc fusion protein expressed in 
PBiNSCs. Conditioned media and lysate samples from WT or IL13/SIPRa PBiNSCs were analyzed by SDS-PAGE 
and immunoblotting. (B) Western blot detection of IL13/SIRPa bi-specific Fc fusion protein in PriGO cells lysates 
cultured in conditioned media. Lysates from WT PriGO8s, 9s and 17s and PriGO8s overexpressing IL13Ra2 cultured 
in either WT-conditioned media or IL13/SIRPa bi-specific-conditioned media were analyzed by SDS-PAGE and 
immunoblotting. 10ug samples were prepared without BME. Human IgG was probed using an anti-human Fc-HRP-
conjugated antibody at a 1:1000 dilution. A band at ~90 kDa is consistent with IL13/SIRPa bi-specific. Molecular 
weight marker (left) indicates protein size in kDa. 

 

2.2.4. Purification of the IL13/SIRPa Bi-specific Fc Fusion Protein from Cell Culture 

Supernatant using Affinity Purification 

A B 



 49 

To isolate the IL13/SIRPα bispecific Fc fusion protein from cell culture supernatant for 

downstream functional and biochemical characterization, affinity purification was performed 

using Protein G chromatography. Following elution and neutralization, SDS-PAGE and Western 

blot analysis of the eluted fractions using an anti-human Fc-HRP antibody revealed a band at the 

expected molecular weight of approximately 90 kDa, consistent with the Fc fusion protein. 

However, additional higher molecular weight species were also detected, appearing as diffuse 

bands and smearing above 100 kDa (Figure 18A). Together, these results demonstrate that while 

Protein G affinity chromatography successfully enriched for the Fc fusion protein from 

conditioned media, the purified product exhibited heterogeneity consistent with protein 

aggregation or multimer formation. 

2.2.4.1. Elution Optimization using Glycyl-Tyrosine Solution 

To mitigate the destabilizing effects associated with conventional pH-based elution, an 

alternative strategy employing competitive elution at neutral pH was explored using glycine and 

tyrosine. These amino acids are key contributors to the interaction interface between the Fc domain 

and Protein G, where binding is mediated through a combination of hydrogen bonding, 

hydrophobic interactions, and aromatic stacking involving residues within the CH2–CH3 interface 

of the Fc region. In particular, tyrosine residues within Protein G engage in π–π and hydrophobic 

interactions with complementary regions on the Fc domain, while glycine contributes to the 

conformational flexibility required for tight binding262. By introducing free glycine and tyrosine 

in solution at physiological pH (~7.0), these interactions can be competitively disrupted without 

requiring exposure to extreme acidic or basic conditions. Elution under these mild conditions is 

expected to better preserve the native conformation of both the Fc region and the fused targeting 

domains, thereby reducing the risk of aggregation or functional loss. This approach leverages the 

molecular specificity of the Fc–Protein G interaction to enable gentler recovery of the fusion 

protein while maintaining structural and functional integrity. Following elution with glycyl-

tyrosine, SDS-PAGE and Western blot analysis of the eluted fractions using an anti-human Fc-

HRP antibody revealed a faint band comparable to that from the glycine pH 2 elution (Figure 18B) 

at 90kDa but at a lower band intensity. 
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Figure 16: Purification of IL13/SIRPa fc fusion protein from cell culture supernatant. (A) Immunoprecipitation 
was performed with Protein G Sepharose beads on 1.5mL of bi-specific conditioned media from WT PBiNSCs or 
PBiNSCs expressing IL13/SIRPa bi-specific. Elution conditions were modified where A. 10 min at 37 C with agitation 
every 2 minutes B. 10 min at room temperature with agitation every 2 min C. 2min at 37 C with no agitation with 
Glycine pH 2 as the elution solution. (B) Elution optimization of IL13/SIRPa bi-specific Fc fusion protein from Protein 
G beads. Immunoprecipitation was performed with Protein G Sepharose beads on 1.5mL of bi-specific conditioned 
media from WT PBiNSCs or PBiNSCs expressing IL13/SIRPa bi-specific. Glycine pH 2 and Glycyltyrosine pH 7 
were used to optimize elution protocol. Human IgG was probed using an anti-human Fc-HRP-conjugated antibody at 
a 1:1000 dilution. Molecular weight marker (left) indicates protein size in kDa. 

2.2.5. Replacing the Glioblastoma Targeting Domain with MR1 scFv and Evaluating 

Expression 
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Figure 17: Schematic of the SIRPα/MR1 bispecific Fc-fusion protein. Diagram showing a heterodimeric Fc-fusion 
construct composed of the IgV domain of SIRPα and an MR1-specific scFv fused to human IgG1 Fc domains. The 
two chains are engineered with complementary “knob” and “hole” mutations within the Fc regions to promote 
heterodimerization, resulting in a single bispecific molecule displaying SIRPα on one arm and the MR1 scFv on the 
other. 

Due to emerging concerns regarding the affinity of the IL13 (E13Y) interaction with 

IL13Rα2, a decision was made to redesign the construct as a bispecific protein targeting EGFRvIII 

using the MR1 scFv, which has been extensively validated for its specificity. This redesign 

required removal of the IL13-encoding region from the plasmid containing the bispecific Fc-fusion 

construct and replacement with a DNA fragment encoding the MR1 scFv (Figure 17). The MR1 

scFv sequence was amplified by PCR, yielding a ~750 bp product, which was subsequently ligated 

into the plasmid backbone in place of the IL13 segment, keeping the rest of the sequence as 

described previously in Section 3.1.2. In the MR1/SIRPα construct, tumor selectivity is conferred 

by the MR1 scFv, which binds the EGFRvIII-specific junction epitope with a KD of approximately 

10–23 nM a moderate to good affinity characteristic of first-generation phage display-derived 

scFvs and consistent with the therapeutic antibody range257. Critically, because MR1 recognizes 

an epitope present exclusively on EGFRvIII and absent from wild-type EGFR and all normal 

tissues, this targeting domain provides substantially greater tumor specificity than the 

IL13(E13Y)/IL13Rα2 interaction, in which residual IL13Rα1/2 cross-reactivity remains a 

MR1 
scFv 
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concern. Following transduction and selection to establish PBiNSCs that express the MR1/SIRPa 

bi-specific fc fusion protein, cells were cultured for 48 hours and whole-cell lysates and cell culture 

supernatant were collected to assess intracellular production and extracellular release, respectively. 

Western blot analysis using an anti-human Fc–HRP antibody revealed a distinct band at 

approximately 90 kDa in both lysate and conditioned media fractions and not present in the WT 

PBiNSC lysates. Detection of the protein in the lysate confirms successful intracellular synthesis, 

while its presence in cell culture supernatant indicates efficient trafficking through the secretory 

pathway and release (Figure 20A).  

2.2.6. Assessing The Binding Specificity of the Bi-specific Fc Fusion protein To 

Glioblastoma Cells Expressing EGFRvIII 

To evaluate whether the newly engineered bispecific Fc-fusion protein can bind GBM cells 

with specificity toward EGFRvIII, a binding assay was performed. EGFRvIII is a tumor-specific 

mutant receptor that is frequently expressed in vivo but is often lost during in vitro culture. 

Therefore, PriGO8 cells were lentivirally engineered to express EGFRvIII, providing a controlled 

system to assess binding specificity. Pre-cleared conditioned media from wild-type PBiNSCs or 

expressing the bispecific Fc-fusion protein were collected after 48 hours and incubated with either 

wild-type or EGFRvIII-expressing PriGO8 cells for 72 hours to allow for protein binding. 

Following incubation, PriGO8 cell lysates were harvested and analyzed by Western blot to detect 

the presence of the bispecific Fc-fusion protein. The bispecific Fc-fusion protein was detected in 

lysates from both wild-type and EGFRvIII-expressing PriGO8 cells, while no signal was observed 

in wild-type control media lanes (Figure 20B). Notably, the band corresponding to EGFRvIII-

expressing cells was more intense, even approaching signal saturation, suggesting enhanced 

binding relative to wild-type cells. However, given the high concentration of protein present in the 

conditioned media, it is possible that binding observed in wild-type cells reflects increased non-

specific or low-affinity interactions driven by the law of mass action. In this context, the law of 

mass action dictates that increasing ligand concentration can drive binding even to lower-affinity 

targets, thereby reducing apparent specificity. To address this, cell culture supernatant sample was 

diluted (1:2, 1:20, and 1:200) prior to incubation with PriGO8 cells to assess whether reduced 

protein concentrations would enhance discrimination between EGFRvIII-positive and wild-type 

cells. The experiment was repeated using these dilutions, followed by Western blot analysis of cell 
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lysates (Figure 20C). The results demonstrated detectable binding at both undiluted and 1:2 

dilution conditions, with the EGFRvIII-expressing PriGO8 cells consistently exhibiting stronger 

band intensity compared to wild-type cells at the same dilution. This trend supports preferential 

binding of the bispecific Fc-fusion protein to EGFRvIII, while also indicating that high protein 

concentrations can partially mask specificity through mass action effects. 

 

Figure 18: Western blot detection of Expression and Glioblastoma specific binding of MR1/SIRPa bi-specific 
Fc-fusion protein. (A) Western blot detection of MR1/SIRPa bi-specific Fc fusion protein expressed in 
PBiNSCs. Conditioned media and lysate samples from WT or MR1/SIPRa PBiNSCs were analyzed by SDS-PAGE 
and immunoblotting. (B) Western blot detection of MR1/SIRPa bi-specific Fc fusion protein in PriGO cells lysates 
cultured in conditioned media. Lysates from PriGO8s and PriGO8s overexpressing EGFRvIII cultured in either WT-
conditioned media or MR1/SIRPa bi-specific-conditioned media were analyzed by SDS-PAGE and immunoblotting. 
10ug samples were prepared without BME (C)Western blot detection of MR1/SIRPa bi-specific Fc fusion protein in 
PriGO cells lysates cultured in conditioned media. Lysates from PriGO8s and PriGO8s overexpressing EGFRvIII 
cultured in either WT-conditioned media or MR1/SIRPa bi-specific-conditioned media diluted to 1:200, 1:20, 1:2 were 
analyzed by SDS-PAGE and immunoblotting. 10ug samples were prepared without BME. Human IgG was probed 
using an anti-human Fc-HRP-conjugated antibody at a 1:1000 dilution. A band at ~90 kDa is consistent with 
MR1/SIRPa bi-specific. Molecular weight marker (left) indicates protein size in kDa. 

 

2.2.7. Streptavidin Bead-based Affinity Purification Approach Using Biotinylated 

EGFRvIII Immobilized Ligand 

An alternative purification strategy for the bispecific Fc-fusion protein involved affinity 

capture using streptavidin–agarose in conjunction with a biotinylated target ligand. This method 

leverages the exceptionally strong non-covalent interaction between biotin and streptavidin, 
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enabling highly specific immobilization of biotinylated molecules onto a solid support. In this 

system, streptavidin-coated agarose beads function as the stationary phase, to which a biotinylated 

form of the target antigen, EGFRvIII, is immobilized. Conditioned media containing the bispecific 

Fc-fusion protein was subsequently applied to the column under gravity flow, allowing the 

EGFRvIII-binding arm of the construct to selectively interact with the immobilized ligand. 

Unbound and non-specifically bound proteins were removed through sequential wash steps, 

thereby enriching the target protein. Elution was achieved via competitive displacement using 

soluble EGFRvIII peptide. Given that the reported binding affinity (𝐾!) of the MR1 scFv for 

EGFRvIII is approximately 16 nM, the use of a high concentration of free peptide (>1000× 𝐾!) 

effectively outcompetes the immobilized ligand, resulting in release of the bound bispecific protein 

from the column. Eluted fractions were analyzed by western blot (Figure 21). 

 

Figure 19: Purification and analysis of MR1/SIRPa bi-specific Fc fusion protein. Streptavidin agarose bound to 
5ug biotinylated EGFRvIII with 15mL of pre-cleared conditioned media from WT PBiNSCs or PBiNSCs expressing 
MR1/SIRPa bi-specific protein and eluted with peptide EGFRvIII. 20ul of eluted samples from WT PBiNSCs or 
PBiNSCs expressing MR1/SIRPa bi-specific protein were analyzed by SDS-PAGE and immunoblotting. 10ug 
samples were prepared without BME. Human IgG was probed using an anti-human Fc-HRP-conjugated antibody at 
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a 1:1000 dilution. A band at ~90 kDa is consistent with MR1/SIRPa bi-specific. Molecular weight marker (left) 
indicates protein size in kDa. 

 

3. Discussion 

Glioblastoma remains one of the most formidable challenges in oncology, defined not merely 

by its molecular complexity but by the convergence of biological barriers that have confounded 

decades of therapeutic development. The present study sought to address these barriers through 

two complementary engineering strategies: a SNIPR-based platform for antigen-inducible 

therapeutic gene expression in PBiNSCs, and a bispecific Fc fusion protein designed to 

simultaneously engage CD47 and tumor-associated antigens on GBM cells. Together, these 

approaches represent an integrated framework that leverages the tumor-tropic properties of neural 

stem cells, the precision of synthetic receptor biology, and the immune-modulatory potential of 

engineered biologics. The findings reported here demonstrate meaningful proof-of-concept for 

each component of this framework, while also identifying clear avenues for further optimization 

that will be necessary to realize their full therapeutic potential. 

3.1. Functional Validation of the SNIPR Platform in PBiNSCs 

The successful functional activation of the SNIPR system in PBiNSCs represents an important 

foundational achievement of this work. Notably, this is the first demonstration of SNIPR 

functionality in a cell type beyond those used in the original system's characterization, establishing 

PBiNSCs as a new and clinically relevant vehicle for synthetic receptor platforms. Derived from 

adult peripheral blood through OCT4-free epigenetic reprogramming, these cells combine the 

tumor-tropic properties of neural stem cells with a clinically accessible, minimally invasive source 

material. Their demonstrated genomic stability, long-term self-renewal, and erasure of age-

associated epigenetic signatures position them as a translationally viable platform. 

The bead-based activation experiments established a clear dose-response relationship between 

lentiviral input and SNIPR activation, with CD19-conjugated beads eliciting up to 4.7% BFP-

positive cells at 500 µL lentiviral input compared to 0.3% in CD19-negative controls. While these 

absolute activation levels are modest, they likely reflect limitations of artificial bead-based antigen 
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presentation, which lacks the membrane fluidity, receptor clustering capacity, and endocytic 

pulling forces of native cell-surface ligand display. This interpretation is strongly supported by the 

cell-based co-culture experiments, in which BFP activation levels rose dramatically to 

approximately 53% at the optimal lentiviral input of 400 µL when CD19-positive Raji cells were 

used as stimulators, representing more than a ten-fold increase compared to bead-based 

stimulation. This discrepancy between bead-based and cell-based activation is consistent with 

mechanistic models of Notch and SNIPR signalling. For endogenous Notch, ligand-induced 

endocytosis in the sending cell generates a mechanical pulling force that exposes the ADAM 

protease-accessible S2 cleavage site, a process dependent on clathrin-mediated endocytosis, epsin 

adaptors, and actin dynamics263. Streptavidin-coated beads lack the endocytic machinery required 

to exert such forces, providing a plausible mechanistic basis for the attenuated activation observed 

in the bead-based system. Emergine evidence also suggests that even SNIPR-based systems may 

exploit receptor endocytosis and pH-dependent γ-secretase activity in acidified compartments for 

full activation138,264. Adherent ligand-expressing cells are therefore expected to provide superior 

activation compared to inert beads, consistent with our observations. The finding that optimal 

activation occurred at 400 µL lentiviral input rather than 500 µL, with a decline in both signal 

intensity and specificity at the highest viral doses, is consistent with the well-described 

phenomenon of receptor overexpression reducing signaling fidelity. At very high receptor surface 

densities, even low-affinity homotypic or heterotypic interactions between adjacent receptor 

molecules could generate sufficient mechanical strain to trigger baseline NRR relief, contributing 

to ligand-independent background. This is further supported by published SNIPR design 

principles, which identify ECD length and exposed protease sites as key determinants of ligand-

independent cleavage, with overexpression exacerbating background activity138. These 

observations have direct implications for future optimization, suggesting that careful titration of 

receptor expression levels will be an important parameter in translating the SNIPR platform into 

therapeutic settings.  

Several technical features of the SNIPR plasmid system merit acknowledgement as factors that 

may contribute to variability in activation levels across experiments. The lentiviral constructs 

encoding the SNIPR receptor and response element are large, each exceeding 10,000 bp, which 

approaches the upper packaging limit of lentiviral vectors and may reduce viral titre, transduction 

efficiency, and the proportion of full-length integrated proviral copies relative to smaller 
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constructs. Additionally, the plasmids used in this study lack an antibiotic selection marker linked 

to the SNIPR receptor construct itself. As a consequence, cells that successfully integrated the 

response element but not the receptor or vice versa, cannot be reliably distinguished from dual-

transduced cells by drug selection alone, potentially diluting the measured activation signal by 

including non-responsive cells in the quantified population. Finally, lentiviral integration is semi-

random, and different integration sites within the host genome are subject to variable chromatin 

environments and positional silencing effects. This integration-site heterogeneity means that 

individual cells within a transduced population may express the SNIPR receptor at substantially 

different levels, contributing to the population-level variability in activation efficiency observed 

across experiments.  

3.2. SNIPR-Driven lclPTENL Expression: Achievements and Optimization 

Pathways 

The construction and validation of the SNIPR-lclPTENL therapeutic plasmid, in which the 

BFP reporter was replaced with the secretable tumor suppressor isoform lclPTENL, represents an 

importance advance of the SNIPR component of this project. The incorporation of WPRE 

posttranscriptional regulatory elements was a rational design choice to enhance transgene 

expression within the lentiviral context, where transcript stability and translational efficiency are 

often rate-limiting. The detection of lclPTENL in the conditioned media of CD19 SNIPR-activated 

PBiNSCs, particularly under cell-based co-culture conditions, demonstrates that the system is 

functionally capable of coupling antigen recognition to therapeutic protein secretion and 

confirming the functionality and correct cloning of the inducible plasmid. The finding that the 400 

µL CD19-positive co-culture condition produced approximately two-fold higher lclPTENL levels 

than the constitutive expression control, as assessed by immunoprecipitation, is an encouraging 

result suggesting that antigen-driven induction can achieve levels comparable to constitutive 

expression  of lclPTENL. This observation can also be contextualized alongside the p16 data 

described in Section 3.3, where conditioned media from constitutively expressing PBiNSCs was 

sufficient to induce a detectable biological response in GBM cells. 

The observation of some ligand-independent lclPTENL expression in cell lysates, particularly 

apparent in THP-1 co-culture conditions at higher lentiviral inputs, is best understood as a 
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calibration challenge rather than a fundamental failure of specificity. One plausible mechanistic 

contributor is the suspension behavior of THP-1 cells: unlike adherent ligand-expressing cells, 

suspension cells are not anchored and therefore cannot apply the directed endocytic pulling force 

that is optimal for SNIPR activation. Paradoxically, the continuous tumbling motion of suspension 

cells in culture may generate intermittent, non-directional membrane contacts that produce low-

level basal cleavage site exposure in a ligand-independent manner. This is consistent with 

published observations that mechanical perturbations unrelated to cognate antigen engagement can 

contribute to background synNotch cleavage265. The clearer antigen-dependent discrimination 

observed in immunoprecipitated supernatant samples, where secreted rather than re-uptaken 

lclPTENL is measured, supports the conclusion that antigen-dependent activation remains the 

dominant driver of lclPTENL secretion. 

The failure to detect lclPTENL in the EGFRvIII SNIPR cell-based model, despite robust 

activation of the BFP reporter, is a notable and informative observation. The strong BFP signal 

indicates that antigen recognition and receptor activation via the EGFRvIII–MR1 interaction are 

intact, suggesting that the defect lies downstream of SNIPR signalling rather than at the level of 

target engagement. Shifting focus to the inducible construct, lclPTENL appears functional in other 

contexts: prior CD19 SNIPR experiments show clear expression, and bead-based EGFRvIII 

SNIPR assays demonstrate at least partial expression. Together, these findings argue against a 

fundamental issue with construct design or transcriptional activation. 

This instead points toward post-transcriptional mechanisms, particularly extracellular protein 

instability. EGFRvIII expression in GBM is associated with upregulation of extracellular 

proteases, including matrix metalloproteinases (MMP-2, MMP-9, MMP-13), serine proteases such 

as uPA, and cysteine proteases like cathepsin B-driven by PI3K/AKT, MAPK, and NF-κB 

signalling266. This protease-rich microenvironment could directly compromise the stability of 

secreted therapeutic proteins. In the case of lclPTENL, its 173-amino acid N-terminal extension 

contains a polyarginine stretch that has been reported to be susceptible to cleavage by the 

proprotein convertase Furin. Cleavage at this site would disrupt the cell-penetrating capability of 

lclPTEN-L, preventing efficient uptake into target cells and thereby abolishing its functional 

activity267. Within a highly proteolytic environment such as that generated by EGFRvIII-
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expressing GBM cells, this cleavage could occur rapidly after secretion, limiting the accumulation 

of intact, functional protein. 

Taken together, the elevated extracellular protease activity in EGFRvIII positive GBM co-

cultures may be sufficient to degrade or inactivate lclPTENL before it can be detected or exert its 

effect. This interpretation is consistent with previous experiments demonstrating successful 

lclPTENL transfer and activity in other GBM models, such as U87MG and WT PriGOs, where 

the proteolytic environment may be less pronounced. To address this limitation, a logical next step 

would be to replace lclPTENL with a more protease-resistant cytotoxic payload could help 

determine whether extracellular instability is the primary barrier to efficacy in this system. 

The 3D onco-neurosphere co-culture model developed in this study represents a particularly 

useful methodological advance. The physical make up of the onco-neurospheres containing GFP-

positive PBiNSCs and mCherry PriGO cells show variability where sometimes the PBiNSCs are 

predominantly localized to the interior core of the neurosphere while PriGO GBM cells formed 

the outer surrounding layer which is an architecture that may recapitulate, in simplified form, the 

spatial relationship between infiltrating stem-like cells and established tumor parenchyma 

expected in vivo or other times the opposite relationship was seen. Nevertheless, the demonstration 

that robust BFP-based SNIPR activation was maintained in EGFRvIII-expressing PriGO 

neurospheres but not in wild-type controls confirms that antigen-dependent activation logic is 

preserved under conditions of increased physical complexity and constrained diffusion. The 

structural equivalence of either sphere architectures supports the use of the onco-neurosphere 

model for downstream assessment of lclPTENL expression in future studies incorporating more 

sensitive detection strategies. 

Several targeted experiments would help disentangle why robust BFP reporter activation in the 

EGFRvIII SNIPR system did not translate into detectable lclPTENL. Since the HNF1A-responsive 

promoter functioned well in the CD19 SNIPR co-culture system, the upstream transcriptional 

machinery is unlikely to be the limiting factor, future investigation should instead focus on the gap 

between transcriptional activation and protein accumulation. 

3.3. Biological Activity of lclPTENL in Glioblastoma Models 
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Independent of the SNIPR delivery system, the demonstration that conditioned media from 

PBiNSCs constitutively expressing lclPTENL induces statistically significant upregulation of p16 

(CDKN2A) in PriGO9 GBM cells provides meaningful evidence of biological activity. p16 is a 

critical inhibitor of CDK4/6 that governs G1-S cell cycle progression through the retinoblastoma 

pathway and is frequently lost in glioblastoma through homozygous deletion of the CDKN2A 

locus. The finding that extracellular delivery of lclPTENL can upregulate p16 expression is 

consistent with the established role of PTEN in suppressing PI3K/AKT signaling, which in turn 

regulates multiple cell cycle checkpoints including CDK inhibitor expression. This aligns with 

previous studies demonstrating that reintroduction of PTEN into PTEN-deficient glioma cells 

induces G0/G1 accumulation and suppression of cell cycle progression, effects mediated in part 

through upregulation of CDK inhibitors as part of a broad growth-suppressive transcriptional 

response268. Increased p16 expression may therefore reflect a shift toward cell cycle arrest or a 

stress-induced senescence-like program downstream of restored PTEN signaling, rather than 

oncogenic dysregulation an interpretation consistent with reports demonstrating p16 upregulation 

as a marker of growth inhibition in response to tumor suppressor pathway restoration in cancer 

cells. The current data support the interpretation that lclPTENL retains catalytic activity following 

secretion, uptake into target cells, and intracellular trafficking. 

The differential response between PriGO9 and PriGO17 cells likely reflects the molecular 

heterogeneity that is a hallmark of primary GBM lines differences in baseline PTEN status, PI3K 

pathway dependency, or p16 promoter methylation between these lines may account for the 

variation in response magnitude. Future experiments should include systematic characterization of 

PTEN and p16 status across the PriGO panel, as well as direct measurement of AKT 

phosphorylation as a proximal readout of PTEN catalytic activity, to better define the molecular 

prerequisites for lclPTENL responsiveness. 

3.4. Retargeting the SNIPR Platform: IL13Rα2 versus EGFRvIII 

The comparison between the rIL13-SNIPR and MR1-SNIPR constructs provides important 

design lessons for the broader field of synthetic receptor engineering. The IL13(E13Y)-based 

receptor exhibited substantial ligand-independent activation (~40% BFP-positive cells across both 

IL13Rα2-positive and IL13Rα2-negative conditions in the PriGO9 model). This high background 
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activation is most likely attributable to the intrinsic biophysical properties of protein-based binding 

domains, which differ fundamentally from the scFv format for which the SNIPR 

mechanotransduction architecture was originally optimized. 

The dissociation constant of IL13(E13Y) for IL13Rα2 has been reported to be in the low 

picomolar range, substantially higher affinity than that of the MR1 scFv for EGFRvIII (~16 nM). 

This extremely tight binding may paradoxically reduce SNIPR specificity: if receptor-ligand 

engagement cannot be readily reversed, sustained conformational strain on the transmembrane 

domain may lower the mechanical activation threshold, promoting ligand-independent cleavage 

events. This is consistent with the SNIPR design principle that ECD affinity must be calibrated to 

avoid overactivation very high-affinity interactions can constitutively stress the juxtamembrane 

domain even in the absence of specific antigen, while very low-affinity interactions may fail to 

generate sufficient receptor clustering for activation138. 

Beyond affinity, IL-13 engages both IL13Rα1 and IL13Rα2, and while the E13Y mutation 

preferentially enhances IL13Rα2 selectivity, residual IL13Rα1 binding remains a potential source 

of off-target activation. This limitation is well-established in the IL13-based CAR-T cell literature 

were early clinical studies with first-generation IL13(E13Y) zetakine CAR T cells demonstrated 

cross-reactivity with IL13Rα1-positive targets despite the E13Y mutation, leading to concerns 

about off-target toxicities192. More recent IL13-based CAR constructs have incorporated additional 

mutations (e.g., E12Y in combination with E13Y, or quadruple substitutions such as 

E13K/R66D/S69D/R109K) that substantially reduce IL13Rα1 binding while preserving IL13Rα2 

targeting269,270. Incorporation of such refined IL-13 muteins which reduce their affinity for 

IL13Ra2 could be explored as a route to improving rIL13-SNIPR specificity in future work. 

Additionally, paracrine interactions with endogenous IL-13 receptors on PBiNSCs themselves 

cannot be excluded as a contributor to the baseline signaling observed. 

In striking contrast, the MR1 scFv-based SNIPR targeting EGFRvIII demonstrated 

activation levels of 74–81% in EGFRvIII-positive PriGO cells across lentiviral input conditions of 

300–500 µL, compared to near-background levels (0–7%) in wild-type PriGO cells a signal-to-

noise ratio substantially more favorable for therapeutic applications. This robust discrimination 

was maintained across two independent primary GBM lines (PriGO8A and PriGO9) and was 

preserved in the 3D onco-neurosphere co-culture model. The EGFRvIII-specificity of the MR1 
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scFv is particularly advantageous because EGFRvIII, arising from an in-frame deletion of exons 

2–7 generating a novel junction epitope, is genuinely tumor-specific and absent from normal 

tissues. Collectively, these results establish scFv-based ECDs as the currently preferable format 

for SNIPR applications in GBM, and the MR1-EGFRvIII axis as the most promising receptor-

antigen pair for advancing this platform. 

3.5. Engineering PBiNSCs for Bispecific Fc Fusion Protein Delivery 

The second major component of this study is engineering PBiNSCs to secrete a bispecific Fc 

fusion protein targeting CD47 and tumor-associated antigens to address a distinct but 

complementary dimension of the GBM therapeutic challenge. The successful expression and 

secretion of the IL13/SIRPα Fc fusion protein by engineered PBiNSCs validates the fundamental 

feasibility of using PBiNSCs as a platform for sustained local delivery of complex biologic 

constructs. The molecular architecture of this construct employing knob-into-hole Fc mutations 

to enforce heterodimer formation, a furin cleavage site and P2A self-cleaving peptide to generate 

two independent polypeptides from a single transcript, and an IgG light-chain leader to enhance 

IL13 chain secretion successfully navigates the technical challenges of producing correctly 

assembled bispecific antibody-like molecules in non-professional antibody-secreting cell types. 

      

For the IL13/SIRPα bispecific, Western blot detection of the ~90 kDa Fc fusion protein in 

PriGO cell lysates following exposure to bispecific conditioned media indicates that the construct 

associates with GBM cells. Microarray expression profiling data for the PriGO panel reveals 

differences in CD47 and IL13Rα2 expression levels across cell lines: CD47 is expressed at log2 

values of 8.27, 7.46, and 9.06 in PriGO8, PriGO9, and PriGO17 respectively, while IL13Rα2 

expression is log2 values of 6.76, 2.88, and 2.31 in the same lines while RNA sequencing data 

shows similar levels. It should be noted that microarray data of this type allows comparison of 

expression levels across cell lines for the same gene, but direct comparison of absolute expression 

levels between different genes such as directly contrasting CD47 and IL13Rα2 values is not 

appropriate given differences in probe efficiency and dynamic range between probe sets. To 

interpret these binding observations in the context of the affinities of each targeting domain, it is 

important to consider the expected hierarchy of binding interactions within the bispecific construct. 
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The SIRPα domain binds human CD47 with a KD in the micromolar range under physiological 

conditions, with the affinity of wild-type SIRPα for CD47 reported to be approximately 1000-fold 

weaker than that of anti-CD47 antibodies259. It is also worth noting that human SIRPα exists as 

multiple allelic variants, of which SIRPαv1 and SIRPαv2 are the most prevalent, differing by 13 

residues in the ligand-binding domain; however, structural and binding studies have demonstrated 

that these polymorphisms do not significantly alter CD47 binding affinity259. Whether post-

translational glycosylation of the expressed SIRPα domain which could influence CD47 

engagement is occurring as expected in PBiNSCs represents an open question that could be 

addressed by mass spectrometry-based glycoproteomic analysis of the purified bispecific protein 

in future work. In contrast, the IL13(E13Y) domain binds IL13Rα2 with a KD of approximately 

250 pM, representing an affinity several orders of magnitude greater than that of the SIRPα arm261. 

Based on this affinity hierarchy, the IL13(E13Y) domain would be expected to serve as the primary 

tumor-anchoring interaction, concentrating SIRPα-mediated CD47 blockade selectively at 

IL13Rα2-expressing GBM cells. However, the observed uniform detection of the bispecific across 

all three WT PriGO lines including PriGO9 and PriGO17, which express IL13Rα2 at lower levels 

than PriGO8 (log2 values of 2.88 and 2.31 compared to 6.76) is inconsistent with IL13Rα2-driven 

binding as the dominant interaction based on western blot results. Furthermore, the absence of a 

clearly enhanced signal in PriGO8 cells engineered to overexpress IL13Rα2 relative to WT 

PriGO8 cells further argues against IL13Rα2 as the primary driver of the observed 

binding. Instead, this pattern suggests that binding across the WT PriGO panel is predominantly 

mediated by the SIRPα–CD47 interaction, which is consistent with the uniform CD47 expression 

observed across all lines tested (log2 values of 8.27, 7.46, and 9.06).  The substitution of the MR1 

scFv targeting EGFRvIII which binds its target with a KD of approximately 10–23 nM and 

recognizes an epitope present exclusively on EGFRvIII and absent from all normal tissues  

represents a more promising solution, as it eliminates the healthy tissue targeting problem entirely 

while retaining sufficient affinity to serve as the primary tumor-anchoring interaction within the 

bispecific architecture257. Blocking experiments using ligand blocking antibodies, or ideally 

CRISPR-edited knockouts of each ligand in PriGO cells, would be necessary to formally dissect 

the relative contributions of each binding arm to the observed Western blot signal. The detection 

of the Fc fusion protein in cell lysates cannot be used to distinguish surface binding from receptor-

mediated internalization following binding to the tumor cell surface. Internalization of CD47 
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following engagement with targeting constructs has been reported in the context of anti-CD47 

antibody binding, whereby antibody-CD47 complexes undergo endocytic uptake, reducing surface 

CD47 availability and potentially enhancing the phagocytic signal271. If the bispecific construct 

similarly drives CD47 internalization upon binding, this could represent an advantageous 

additional mechanism of action sequestering CD47 away from the cell surface and thereby 

achieving more complete and sustained relief of the "don't eat me" signal than surface blockade 

alone. 

The greater discrimination between EGFRvIII-positive and wild-type cells observed with the 

MR1/SIRPα bispecific at diluted conditioned media concentrations is consistent with a 

concentration-dependent mass action effect: at high protein concentrations, interactions are driven 

by the law of mass action, reducing apparent specificity to GBM. Serial dilution experiments 

restoring preferential EGFRvIII-dependent binding at 1:2 dilution support genuine EGFRvIII 

targeting by the MR1 arm, while reinforcing the importance of performing specificity assessments 

across a range of protein concentrations. Taken together, the binding data for both bispecific 

variants underscore that Western blot detection of Fc fusion protein in cell lysates following co-

incubation, while informative as a first-pass expression and association assay, does not distinguish 

GBM specific binding from surface receptor-mediated binding from non-specific uptake, and 

cannot resolve the relative contributions of the two targeting arms. Future experiments using 

surface plasmon resonance and antigen-knockout binding controls will be essential to fully 

characterize the specificity and functional integrity of the bispecific construct before advancing to 

phagocytosis assays or in vivo studies. 

3.6. Protein Purification Challenges and Engineering Solutions 

The aggregation observed following Protein G purification is most likely attributable to the 

low-pH elution conditions inherent to this chromatography method. Protein G affinity purification 

relies on acidic elution (typically pH 2.7–3.0) to dissociate the Fc–Protein G interaction. Although 

effective at releasing bound protein, these conditions can transiently destabilize multidomain 

fusion proteins, particularly those in which the appended targeting domains in this case the SIRPα 

and IL13(E13Y) moieties have different conformational stability profiles compared to the Fc 

region itself. Even with rapid neutralization following elution, transient exposure to low pH may 
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be sufficient to induce partial unfolding and expose hydrophobic surfaces that promote 

intermolecular aggregation. The appearance of higher molecular weight smearing exclusively in 

the purified fractions, rather than in the crude conditioned media, is consistent with this 

interpretation. These findings underscore a well-recognized limitation of Protein G-based 

purification for complex Fc fusion constructs and motivated the development of alternative 

purification strategies, described in Section 2.2.5. 

The development of the streptavidin bead-based affinity purification approach, using 

biotinylated EGFRvIII as the capture ligand and competitive elution with soluble EGFRvIII 

peptide, represents an elegant alternative that simultaneously validates the binding function of the 

purified protein. The recovery of a detectable amount of purified bispecific Fc fusion protein from 

15ml of conditioned media provides a baseline for assessing yield optimization in future 

preparations. This ligand-based purification strategy has the additional advantage of selecting 

specifically for correctly folded, functionally active protein, as only constructs with intact 

EGFRvIII-binding capacity will be captured. Future structural and biochemical characterization 

of the purified bispecific protein including binding kinetics measurement by surface plasmon 

resonance to determine KD values for both EGFRvIII and CD47 arms simultaneously, and mass 

spectrometry to confirm correct disulfide bond formation, glycosylation at N297 and at other 

potential sites, and the integrity of the knob-into-hole heterodimer will be important steps in fully 

characterizing the molecular quality of the purified product before advancing to functional assays. 

A logical and important next step toward obtaining sufficient quantities of purified bispecific for 

functional characterization would be to transition this antigen-affinity capture strategy to a Fast 

Protein Liquid Chromatography (FPLC) platform, in which the biotinylated EGFRvIII ligand is 

immobilized on a streptavidin-coupled column resin and large volumes of conditioned media are 

applied under automated, controlled flow-rate conditions. FPLC-based affinity chromatography 

offers several advantages over the current approach: it enables processing of substantially larger 

input volumes from hundreds of millilitres to litres of conditioned media with reproducible and 

programmable wash and elution steps, real-time UV absorbance monitoring to track protein 

elution, automated fraction collection, and the capacity to be scaled further as production volumes 

increase272. 

3.7. Clinical Relevance and Translational Perspective 
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Considered in the broader context of GBM therapeutic development, the work presented here 

contributes to an emerging paradigm of engineered cell-based delivery systems that seek to 

overcome the fundamental limitations of systemically administered biologics in brain tumors. The 

blood-brain barrier restricts approximately 98% of small-molecule drugs and virtually all large 

biologics from reaching brain tumor tissue at therapeutic concentrations. The use of PBiNSCs as 

an in-situ production platform circumvents this limitation by generating therapeutic proteins 

directly within the tumor microenvironment at a high concentration, sustained by cells that have 

actively migrated to and infiltrated the tumor mass through chemokine-driven tumor tropism.  

The SNIPR-based inducible system adds a critical layer of spatial and molecular specificity to 

this delivery paradigm. Unlike constitutive expression systems that produce therapeutic proteins 

regardless of cellular location, the SNIPR architecture ensures that therapeutic payload expression 

is preferentially activated only when the delivery cell has physically engaged tumor antigen. This 

design philosophy substantially reduces the risk of off-target toxicity a concern of particular 

relevance for cytotoxic payloads like lclPTENL, whose systemic delivery could theoretically 

interfere with PTEN signaling in normal tissues. The successful demonstration of EGFRvIII-

dependent SNIPR activation in primary GBM co-cultures and 3D neurosphere models suggests 

that this conditional activation logic is compatible with the biological context of GBM, where 

EGFRvIII is expressed on approximately 25-33% of tumors. 

The bispecific Fc fusion protein strategy addresses a distinct vulnerability in the GBM immune 

microenvironment: the CD47-mediated suppression of macrophage-mediated phagocytosis. Given 

that tumor-associated macrophages can comprise 30-50% of the GBM tumor mass, and that these 

cells are actively recruited to regions of tumor cell turnover, the targeted disruption of CD47 

signaling within the tumor microenvironment has the potential to convert an immunosuppressive 

myeloid infiltrate into a pro-phagocytic effector population. The dual-targeting architecture 

simultaneously blocking CD47 and engaging a tumor-associated antigen is designed to achieve 

tumor-selective innate immune activation while avoiding the on-target hematologic toxicities 

(hemolytic anemia, thrombocytopenia) that have complicated clinical development of systemic 

CD47-blocking antibodies. The delivery of this construct via engineered PBiNSCs provides 

sustained local production that should maintain effective concentrations within the tumor 

microenvironment without requiring systemic dosing. 
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3.8. Limitations and Future Directions 

The work presented here has several limitations that define the roadmap for future 

investigation. First, the failure to detect high levels of lclPTENL expression under EGFRvIII 

SNIPR activation in the cell-based model, despite robust BFP reporter expression, reflects a 

hypothesized protease-mediated degradation mechanism that raises a broader and important 

challenge for secreted protein therapeutics in the GBM microenvironment.  EGFRvIII-expressing 

GBM cells are known to upregulate a broad spectrum of extracellular proteases through 

constitutive activation of downstream signalling pathway that may rapidly inactivate secreted 

proteins before they can exert their intended biological activity. This need to be further explored 

to confirm the hypothesis and may lead to lclPTENL being replaced with a protease resistant 

cytotoxic payload. An additional future direction of interest would be to evaluate SNIPR 

functionality in differentiated neural progeny derived from PBiNSCs to assess whether the 

synthetic receptor architecture remains operative in post-mitotic cell types, which would expand 

the potential scope of this delivery platform. 

Second, the binding specificity of the bispecific Fc fusion protein requires more rigorous 

characterization at physiologically relevant protein concentrations. Binding kinetics should be 

characterized by surface plasmon resonance to determine true affinity constants for both arms of 

the bispecific simultaneously. Mass spectrometry analysis of the purified protein will be important 

to confirm correct assembly, glycosylation, and disulfide bond formation, providing structural 

confidence before advancing to functional studies. In particular, glycosylation at the conserved 

N297 site within the CH2 domain of the IgG1 Fc region warrants careful characterization, as this 

modification is critically important for FcγR engagement and downstream effector functions 

including antibody-dependent cellular phagocytosis (ADCP). Complete removal of the N297 

glycan has been shown to abrogate binding to all low-affinity FcγRs and substantially diminish 

ADCP, with only the high-affinity FcγRI retaining residual binding in the aglycosylated state273. 

Conversely, afucosylation of the core N-glycan has been reported to increase FcγRIIIa affinity by 

up to 20-fold relative to fucosylated IgG1274. For the purposes of this bispecific construct, in which 

ADCP by macrophage FcγRI and FcγRIIa is on of the primary intended effector mechanisms, it is 

important to confirm by mass spectrometry that the N297 glycan is correctly installed and that the 

glycan composition produced in PBiNSCs a non-professional secretory neural stem cell is 
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compatible with productive FcγR engagement. PBiNSCs are not professional antibody-secreting 

cells and their glycosylation machinery may differ from that of cells typically used for therapeutic 

antibody production. 

Regarding functional phagocytosis assays, while co-culture of macrophages, GBM cells, and 

the bispecific construct in vitro is a logical next step, it is important to acknowledge the inherent 

limitations of such systems. Standard murine or human macrophage lines may not recapitulate the 

immunosuppressive phenotype of brain-resident tumor-associated macrophages and microglia. 

The complexity of maintaining three cell types with different culture requirements in the same 

dish, combined with the difficulty of accurately modeling TAM polarization in two dimensions, 

means that in vitro phagocytosis assays may underestimate or misrepresent the functional activity 

of the construct in the GBM microenvironment. For this reason, a more physiologically relevant 

approach and one that is directly compatible with existing preclinical workflows in our laboratory 

would be to assess phagocytic activity in an in vivo co-injection model. In this approach, 

fluorescently labelled PriGO GBM cells engineered to express EGFRvIII, and fluorescently 

labelled PBiNSCs engineered to secrete the MR1/SIRPα bispecific, are co-injected into the 

striatum in immunocompetent syngeneic or humanized mice at a defined ratio. This co-injection 

paradigm is advantageous because it places both the therapeutic cell vehicle and the tumor target 

within the same brain microenvironment simultaneously, allowing PBiNSC-secreted bispecific 

protein to engage EGFRvIII and CD47 on adjacent GBM cells in the presence of brain-resident 

myeloid cells microglia and recruited TAMs that represent the physiologically relevant effector 

population for the intended mechanism of action. The primary readout of therapeutic efficacy in 

this model would be a reduction in GBM tumor burden. At experimental endpoint, histological 

sections of brain tissue would be analyzed by microscopy to provide direct evidence of phagocytic 

activity by looking for co-localization of mCherry-labelled GBM cell fragments within Iba1-

positive microglia or macrophages which would indicate engulfment, while a reduction in the total 

number of viable mCherry-positive GBM cells relative to control animals receiving PBiNSCs 

without the bispecific construct would provide a quantitative measure of tumor cell clearance. 

Comparison between animals receiving the MR1/SIRPα bispecific alongside animals receiving no 

bispecific, would allow attribution of any observed phagocytic activity specifically to EGFRvIII-

targeted CD47 blockade. 
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Third, while the tumor-homing capacity of unmodified PBiNSCs has been previously 

demonstrated in our laboratory, consistent with the well-established tumor tropism of induced 

neural stem cell populations toward GBM lesions the current study did not assess the tumor-

homing capacity of the engineered PBiNSCs in the context of these specific constructs, nor the 

effect of SNIPR or Fc fusion protein expression on cell viability, proliferation, or differentiation 

potential275. These parameters will need to be systematically evaluated to confirm that the 

engineering modifications do not compromise the biological properties that make PBiNSCs an 

attractive therapeutic chassis. One specific consideration worth raising is whether PBiNSCs 

expressing the SIRPα-containing bispecific could engage their own CD47, given that both 

molecules are present on the same cell. If secreted SIRPα-Fc binds in an autocrine fashion to CD47 

on PBiNSC surfaces, it could theoretically promote macrophage-mediated clearance of the 

therapeutic cells themselves. Strategies to address this have been illuminated by a recent study 

from Yamada-Hunter et al., which demonstrated that adoptively transferred CAR T cells are 

rapidly cleared by macrophages when co-administered with anti-CD47 antibodies, due to loss of 

the endogenous CD47 "don't eat me" signal on the therapeutic cells themselves276. To overcome 

this, the authors engineered a CD47 variant that retains the ability to engage SIRPα and transmit 

an inhibitory "don't eat me" signal to macrophages, but harbors a point mutation that prevents 

binding of anti-CD47 antibodies. CAR T cells expressing the variant were resistant to macrophage-

mediated clearance even in the presence of CD47-blocking antibodies, while retaining full anti-

tumour efficacy276. Applied to the PBiNSC context, the SIRPα on the bi-specific protein would be 

swapped for an anti-CD47 scFv and an analogous strategy could be employed: PBiNSCs could be 

engineered to overexpress the CD47 variant that is resistant to engagement by the secreted anti-

CD47-Fc bispecific thereby protecting the therapeutic cells from autocrine-mediated phagocytic 

clearance while preserving the intended tumour-selective blockade of CD47 on GBM cells by 

SIRPα.  

Finally, while the 3D onco-neurosphere model represents a meaningful advance toward 

physiological relevance, future studies should incorporate patient-derived cerebral organoid 

systems and ultimately in vivo models to validate the spatial and temporal dynamics of SNIPR 

activation and therapeutic payload delivery in the context of established GBM lesions.  

4. Conclusion 
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In conclusion, this work establishes a multi-component, rationally designed platform for 

targeted GBM therapy, centered on the tumor-tropic properties of engineered PBiNSCs. The first 

demonstration of SNIPR functionality in PBiNSCs, and the high selectivity of the MR1-EGFRvIII 

SNIPR system in clinically relevant primary glioblastoma co-culture and 3D neurosphere models, 

represents a significant advance in adapting synthetic receptor biology for brain tumor 

applications. The biological activity of lclPTENL in primary GBM cell lines supports the 

therapeutic rationale for PTEN restoration, and the successful expression and secretion of a 

bispecific Fc fusion protein targeting CD47 alongside tumor-associated antigens opens a parallel 

avenue for innate immune re-engagement within the GBM microenvironment. While technical 

optimization remains necessary to advance each component toward in vivo validation, the 

foundational results presented here provide compelling proof-of-concept for a cellular delivery 

framework that addresses multiple mechanisms of GBM immune evasion and treatment resistance 

simultaneously. 
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5. Methods 

Antibodies and Reagents: Goat anti-Human HRP-linked IgG Fc Secondary Antibody was 

purchased from Thermo Fisher Scientific. Anti-PTEN (D4.3) rabbit monoclonal antibody was 

purchased from Cell Signaling Technology. P16ink4a (1D7D2) mouse monoclonal antibody was 

from Cell Signaling Technology. ActiveMax® Streptavidin μBeads, Biotinylated Human 

EGFRvIII Protein and Biotinylated Human CD19 (20-291) were purchased from 

ACROBiosystems. EGFRvIII peptide (PEPvIII) for purification elution was purchasd from 

MedChem express. Pierce™ Streptavidin Agarose, Streptavidin Agarose Resin and Pierce™ 

Centrifuge Columns for Affinity Chromatography were purchased from Thermo Scientific. 

Cell culture: Peripheral-blood induced neural stem cells (PBiNSCs) were obtained from the 

Brüstle laboratory and cultured according to the previously published protocol121. Cells were 

maintained on Matrigel-coated plates in a 1:1 mixture of DMEM/F12 and Neurobasal medium 

(Thermo Fisher) supplemented with N2, B27, penicillin–streptomycin, L-glutamine, CHIR99021, 

A83-01, purmorphamine, human LIF (hLIF), and LAAP. For routine maintenance, cultures were 

passaged twice weekly and used for experiments up to a maximum of 32 passages. Cells were 

detached using pre-warmed Accutase for 7 minutes at 37 °C to generate a single-cell suspension, 

which was subsequently diluted and centrifuged at 1200 rpm for 4 minutes to pellet the cells. The 

cell pellet was resuspended in fresh medium and replated. Cultures were maintained at 37 °C under 

low-oxygen conditions (5% O₂ and 5% CO₂). Primary glioblastoma cells (PriGOs) were isolated 

from patients undergoing surgical resection for glioblastoma at The Ottawa Hospital, as previously 

described. PriGOs were cultured on laminin-coated flasks in Neurobasal-A medium (Thermo 

Fisher) supplemented with EGF, FGF, and heparin. PriGO cultures were passaged and maintained 

using the same procedures as those described for PBiNSCs. Raji and THP-1 cells were cultured in 

RPMI supplemented with 10% FBS and passaged 1 time per week.  

Lentiviral and plasmid constructs: Lentiviral and plasmid constructs that were obtained as 

bacterial stabs from Addgene were streaked onto ampicillin LB agar plates and incubated overnight 

at 37 °C. Individual colonies were selected and inoculated into LB broth supplemented with 

ampicillin, followed by incubation at 37 °C with shaking at 220 rpm. Resulting cultures were used 

to generate glycerol stocks by mixing with an equal volume of 100% glycerol. Large-scale plasmid 

DNA preparations were performed from glycerol stocks using the BioBasic Maxiprep Plasmid 
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DNA Extraction Kit according to the manufacturer’s instructions. Plasmid concentration and 

purity were assessed using a NanoDrop spectrophotometer. 

Lentiviral particle production and viral transduction: Lentiviral particles were generated by 

transfecting HEK293T cells with a four-plasmid system consisting of pLP1, pLP2, pLP-VSVG, 

and the plasmid of interest using Lipofectamine 2000 (Thermo Fisher). Forty-eight hours post-

transfection, virus-containing supernatants were collected and concentrated using Lenti-X 

Concentrator (Takara) at a 3:1 volume ratio. The mixture was incubated overnight at 4 °C with 

gentle shaking. Viral particles were pelleted the following day by centrifugation at 1500 × g for 40 

minutes and resuspended in 1 mL of Neurobasal-A medium. HEK293T cells were maintained in 

DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 0.1% penicillin–

streptomycin. PBiNSCs were grown to 70–80% confluence prior to transduction. Concentrated 

viral particles (1 mL) were added directly to the culture medium and removed the following day 

by complete media replacement. Transduced cells were subsequently subjected to puromycin 

selection as required for 72 hours at a final concentration of 0.6 µg/mL. 

Western blot: In Western blots performed to probe for total protein in cell lysates, cells were lysed 

in 1XRBC Lysis Buffer (Invitrogen). Lysates were briefly sonicated at 30 kHz and centrifuged at 

maximum speed for 10 minutes. Protein concentration was determined using the Pierce BCA 

assay(Thermo Fisher), with samples incubated at 37◦C and absorbance measured at 562 nm using 

a spectrophotometer. 10ug-35ug of protein was combined with 6ul of Laemmli buffer containing 

betamercaptoethanol and topped up with lysis buffer. In Western blots performed to probe for 

protein in immunoprecipitation samples, 15ul of sample was combined with 6ul of Laemmli buffer 

containing betamercaptoethanol and topped up with lysis buffer. All samples were heated at 95◦C 

for 5 minutes before loading samples into precast NuPAGE Bis-Tris Mini Protein Gels and run at 

150 V for 1 hour. Following electrophoresis, proteins were were transferred from the gel to an 

Immobilon PVDF membrane (Millipore Sigma) using wet transfer for 1 hour at 100V. Amido 

Black stain was performed to assess equal protein loading. Membranes were blocked with 5% milk 

in TBST for 1 hour with shaking, followed by incubation with primary antibody diluted in 5% 

milk in TBST for 1 hour at room temperature with shaking. The membrane was washed 3 times in 

TBST for 5 minutes each. HRP-conjugated secondary antibody was applied at a 1:5,000 dilution 

for 1 hour with shaking. Membrane is washed with TBST (3 times, each for 5 minutes). HRP 
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substrate (Millipore Sigma) was applied to the membrane, and the membrane was imaged using a 

ChemiDoc (Bio-rad). A colorimetric image of the ladder was taken at 0.2 sec exposure, followed 

by a chemiluminescent image. Images were merged to obtain a full blot. Western blot containing 

cell lysate samples were additionally probed with GAPDH to confirm equal loading and act as 

normalization. 

Immunoprecipitation: Protein Sepharose G beads were washed with 0.1% Tween 20 in PBS 

solution and incubated with primary antibody for 1 hour at 4C. 1.5ml of cell culture media was 

then added to beads and incubated with shaking overnight at 4C. The next day beads were washed 

with 0.1% Tween 20 in PBS and protein was eluted with 40 uL 0.2M glycine pH 2.6 at 37C and 

neutralized with 45ul of 0.2M Tris pH 8. 

SNIPR activation co-culture assays: SNIPR PBiNSCs were plated on Matrigel-coated 6-wells 

plated at a density of 0.75x106 cells per well. For co-cultures with streptavidin beads, beads were 

coated with 40ug/mg of beads of biotinylated protein and subsequently added to SNIPR cells.  For 

cultures with target cells, cells were subsequently added at a 1:1 target-to-effect ratio in each well. 

Co-culture with a BFP readout were fixed to coverslips after 72h for 10 minutes using 1% PFA 

and mounted to coverslips. Samples were imaged using the Carl Ziess M2 Fluorescent microscope. 

For co-culture with lclPTENL read out, 1.5ml of cell culture media was collected after 72h and 

immunoprecipitation was performed. All experiments were cultured in a 1:1 mixture of 

DMEM/F12 and Neurobasal medium (Thermo Fisher) supplemented with N2, B27, penicillin–

streptomycin, L-glutamine, CHIR99021, A83-01, purmorphamine, human LIF (hLIF), and LAAP.  

SNIPR fluorescent imaging quantification: Fluorescence imaging was performed using a Zeiss 

Axio Imager M2 microscope for fixed cell samples or using the BioTek Cytation 5 for live cell 

imaging. Constitutive mCitrine expression was used to identify transduced cells, while inducible 

BFP expression served as a readout of SNIPR activation. Quantification was performed in Fiji 

(ImageJ) by normalizing total BFP-positive signal to total mCitrine-positive signal to account for 

differences in transduction efficiency. 

Bi-specific binding assay: PBiNSCs expressing the bispecific Fc fusion protein were cultured in 

pre-cleared media for 48 hours to allow secretion and accumulation of the recombinant protein. 

Following this conditioning period, 2 ml of the resulting culture supernatant was harvested and 

transferred onto PriGO8A cells that had been seeded at a density of 0.75 × 10⁶ cells per well in a 



 74 

standard 6-well plate format. Treated cells were then incubated for a further 72 hours, after which 

cell lysates were collected and analysed by western blot to assess downstream protein expression. 

Bi-specific purification using streptavidin agarose columns: PBiNSCs expressing the bispecific 

Fc fusion protein were cultured in pre-cleared media for 48 hours to allow secretion and 

accumulation of the bi-specific protein. Following this conditioning period, 2 ml of the resulting 

culture supernatant was harvested and spun down at 1200xg for 4 minutes to remove any cell 

debris and then filtered through a 0.45um filter. 5ug of biotinylated EGFRvIII was added to the 

column and allowed to flow by gravity followed by 2x washes with PBS. Total conditioned media 

volume was run through the column in 5ml volumes twice and washed x2 with PBS. Column was 

centrifuged at 1000xg for 1 minute to remove remaining PBS and bi-specific protein was eluted 

with 100ul of a 25uM solution of peptide EGFRvIII. 

Statistical analysis: All graphs were generated using Microsoft excel. Error bars represent 

standard error of the mean. Statistical significance was assessed using a two-tailed unpaired 

Welch’s t-test performed in Microsoft Excel. 

DNA constructs:  

SNIPR ind. lclPTENL - lclPTENL coding sequence was cloned into a SNIPR reporter plasmid 

(pHR_HNF1A-RE_tBFP_PGK_mCitrine, #188387) digested with BamHI and XhoI. For the 

lclPTENL-WPRE construct, the insert was amplified by PCR from an lclPTENL template using 

primers PHRP10LFOR(5’-

CCAGAGCTCATCGCTAGCGCTACCGGATCCACCATGAGGGTGCCCGCC-3’) and 

WPREFULL (5’- 

CCGAGCTCGAATTAATTCCCTCGAGCAGGCGGGGAGGCGGCCCAAAGG-3’). For the 

lclPTENL-WPRE3 construct, primers PHRP10LFOR (5’- 

CCAGAGCTCATCGCTAGCGCTACCGGATCCACCATGAGGGTGCCCGCC-3’) and 

PHRP10LINT2 were used to obtain lclPTENL sequence, while the WPRE3 element was amplified 

separately from a gBlock template using primers PHRP10LINT1 (5’- 

GCATACAGAAATTACAAAAGTCTGAGTCGACAATCAACCTCTGGATTA-3’) and 

PHRP10LREV (5’- 

CCGAGCTCGAATTAATTCCCTCGAGAACACCACGGAATTGTCAGTGCCC-3’). 
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Assembly of inserts into the digested backbone was performed using HiFi DNA assembly at a 2:1 

insert-to-backbone molar ratio to generate the final SNIPR-responsive constructs. Plasmid was 

sent for sequencing using SNIPRFOR: 3’- GGGTTTATTACAGGGACAGC - 5’ SNIPRREV: 3’- 

GCAGATCTTGTCTTCGTTGG - 5’ SNIPRINT: 3’- GTCAAATCCAGAGGCTAGC - 5’.  

Constitutive IL13Ra2: Digestion of pLenti CMV GFP Puro Plasmid #17448 from Addgene with 

BamHI and SalI and ligating it with a gblock containing the coding sequence for IL13Ra2.  

IL13 SNIPR: rIL13 coding sequence was cloned into a SNIPR receptor 

(pHR_PGK_SNIPR_humanized Hinge Notch SNIPR (HNF1A)) digested with EcoRI and NotI. 

The rIL13 sequence was obtained from another construct using SNPR13FOR (5’-

CTCATCTCCGGGCCTTTCGAATTCACCATGAGAGTCCCCGTCCAATTGC-3’) and 

SNPR13INTREV (5’-

GCTGGCGTCGTGGTTGAGGAATTAAACTGTCCTTCTCGAAAGAGC-3’) and was 

assembled with PCR product of SNPR13INTFOR (5’-

GCTCTTTCGAGAAGGACAGTTTAATTCCTCAACCACGACGCCAGC-3’) and SNPRREV 

(5’-GCATGTTGCAGGTGGGAGTTGCGGCCGCAAGTCAAGGATCTTAGGAGC-3’) at a 

2:1 insert to backbone ratio using Hifi assembly. Plasmid was sequenced using HV1FOR (5’-

CATTCTGCACGCTTCAAAAG-3’) and HV3REV (5’-CATAGCGTAAAAGGAGCAACA-3’).  

Constitutive EGFRvIII: Digestion of pLenti CMV GFP Puro Plasmid #17448 from Addgene with 

BamHI and SalI and ligating it with a PCR product of EGFRFOR2 (5’-

CCATAGAAGACACCGACTCTAGAGGATCCACCATGCGACCCTCCGGGACGGC -3’) and 

EGFRREV2 (3’-

CACAAATTTTGTAATCCAGAGGTTGATTGTCGACTCATGCTCCAATAAATTCACTGC -

5’) containing the coding sequence for EGFRvIII. Plasmid was sequenced with EGFRINT1 (5’ - 

CCTCAAGGAGATAAGTGATGG - 3'), EGFRINT2 (5’ - CGAATGGGCCTAAGATCC - 3') 

and EGFRINT3 (5’ - CGTACTGGTGAAAACACCG - 3'). 

MR1 SNIPR: MR1 coding sequence was cloned into a SNIPR receptor 

(pHR_PGK_SNIPR_humanized Hinge Notch SNIPR (HNF1A)) digested with EcoRI and NotI. 

The MR1 sequence was obtained from another construct using SNIPRMR1FOR (3’- 
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CTCATCTCCGGGCCTTTCGAATCCCAGGTGAAACTGCAGCAGTCTGGGG-5’) and  

SNIPRMR1INTREV  (3’-

GCTGGCGTCGTGGTTGAGGATTTGATTTCCAGCTTGGTGCCATCACC-5’)	 and was 

assembled with PCR product of SNIPRMR1INTFOR (5’-

GGTGATGGCACCAAGCTGGAAATCAAATCCTCAACCACGACGCCAGC-3’) and 

SNPRREV (5’-

GCATGTTGCAGGTGGGAGTTGCGGCCGCAAGTCAAGGATCTTAGGAGC-3’) at a 7:3 

insert to backbone ratio using Hifi assembly. 

MR1/SIRPa bi-specific: 

Cloning PCR product of VSIRPAFOR (5’- 

GAAGACACCGACTCTAGAGGATCCACCATGGAGCCAGCTGGTCCTGC3’) and 

LSIRPAREV (5’-CTGGCACCGAGCGCCAGGAAGC-3’) to obtain the IgG domains of the bi-

specific protein, PCR product of LMR1FOR (5’- 

GCTTCCTGGCGCTCGGTGCCAGGTGAAGCTGCAGCAGTC -3’) and FCMR1REV (5’- 

GCATGTGTGAGTTTTGTCGCCTCCGCTACCTTTGATTTCCAGCTTGGRGCC -3’) to 

obtain the MR1 sequence and PCR product of MR1FCFOR (5’-

GGCACCAAGCTGGAAATCAAAGGTAGCGGAGGCGACAAAACTCACACATGA-3’) + 

VFCREV (5’-

GTAATCCAGAGGTTGATTGTCCGACTCATTTACCCGGAGACAGGGAGAG-3’) to obtain 

the IL13 sequence pieced together at a 7:3 insert to backbone ratio using Hifi assembly. 
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