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All chapters contain works that have been published or are currently under review before 

publication. These works have been formatted according to the Wake Forest University 

Graduate School of Arts and Sciences dissertation guidelines. Stylistic variations within 

chapters are due to the demands of journals, where the works have been published or are 

currently under review for publication. All previously published works have been 

permitted to be republished, as part of this thesis by their respective journals.  
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ABSTRACT 

Currently approved conventional therapies for glioblastoma (GBM) patients have only 

increased their overall survival by about 20.8 months without providing a substantial 

benefit to their quality of life. Personalized medicine by targeting biomarkers that are 

overexpressed specifically by patients’ GBMs are proving to be a sophisticated strategy 

for loco-regionally delivering therapies. Interleukin-13 receptor alpha-2 (IL13RA2) is 

one such GBM restricted biomarker which was previously discovered to be highly 

upregulated in about 75% of GBM samples and found to be an effective target for 

delivering tumor-specific cytotoxic therapeutics (Debinski et al, Clinical Cancer Research 

1999; Mintz et al, Neoplasia 2002). IL13RA2 was also shown to be overexpressed by 

therapy resistant, diving GBM stem-like cells (GSCs) (Nguyen et al, Translational 

Oncology 2011). Targeting such a GBM restricted biomarker, especially one that is also 

expressed by GSCs to deliver cytotoxic therapeutics and diagnostic agents could 

potentially lead to early diagnosis and result in an increase in patient survival. A 

linearized heptapeptide, Pep-1L was previously reported to bind specifically to IL13RA2 

through in vitro, in vivo and ex vivo analyses (Pandya et al, Neurooncology 2012). 

Peptides are advantageous compared to using larger proteins and antibodies to deliver 

therapies to tumors due to their small size which results in relatively brisk plasma 

clearance. My dissertation includes and summarizes reports where we evaluated the 

feasibility of delivering a loco-regional cy to IL13RA2 expressing GBMs using Pep-1L 

and where we addressed potential challenges due to ineffective therapeutic delivery and 

disease recurrence.  
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We further validated the specificity of Pep-1L to IL13RA2 in mice by 

radiolabeling Pep-1L with copper-64 ([64Cu]Pep-1L) and by comparing the binding of 

[64Cu]Pep-1L to subcutaneous tumors that were induced to express IL13RA2 verses 

subcutaneous tumors that lacked IL13RA2 expression using microPET/CT imaging (Sai 

et al, Oncotarget 2017). Even though we observed greater binding and retension of 

[64Cu]Pep-1L within IL13RA2 expressing tumors, we also observed limited extravasation 

of Pep-1L across the blood brain barrier (BBB) into the brain parenchyma in this study. 

In order to increase the intracranial distribution of Pep-1L within GBMs, we chose to 

deliver our therapy loco-regionally into the tumor bed using a neurosurgical technique 

termed convection enhanced delivery (CED). CED allows for greater penetration of drugs 

infused into the brain parenchyma by delivering them under a constant positive pressure. 

We found intracranially infused [64Cu]Pep-1L to be localized within orthotopically 

implanted GBMs in mice when compared to similarly infused 64Cu labeled untargeted 

scrambled peptide using microPET/CT imaging (Sattiraju et al, Oncotarget 2017). Based 

on our study which validated the feasibility of loco-regionally delivering Pep-1L to 

orthotopic GBMs in mice, we evaluated the efficacy of similarly infused actinium-225 

(alpha particle nanogenerator) radiolabeled Pep-1L ([225Ac]Pep-1L) in mice bearing 

orthotopic GBMs. In a long-term pre-clinical survival study, we reported that a single 

treatment of [225Ac]Pep-1L increased survival of mice bearing orthotopic GBMs to 55 

days when infused intracranially via CED while mice in control group which received 

similarly infused saline, showed an overall survival of only 29 days, indicating that loco-

regionally delivered [225Ac]Pep-1L imparted a statistically significant survival benefit in 

these mice (p<0.05; n=8) (Sattiraju et al, Oncotarget 2017). 
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One of the drawbacks of targeted therapy is the survival of tumor cells that do not 

express the targeted biomarker which eventually results in disease relapse. 

Hypothetically, it would be beneficial to combine targeted therapies with currently 

approved systemically delivered chemotherapeutics to eradicate resistant cells. However, 

the delivery of systemic therapies to GBMs is hindered by the BBB and highly torturous, 

leaky angiogenic blood vessels within GBMs that form the blood tumor barrier (BTB). 

Exposure to external beam radiation was previously reported to enhance vascular 

permeability within the brain of mice bearing orthotopic GBMs (Baumann et al, 

Oncotarget 2013). Others had reported that 225Ac targeted to vascular cadherin caused 

reversal of tumor vessels to a normal phenotype (vessel normalization) in addition to 

causing anti-angiogenic effects (Escorcia et al, Cancer Research 2010). These studies 

highlighted the potential for using targeted ionizing radiation for enhancing BBB 

permeability and for normalizing perfusion within GBM while limiting collateral damage 

to healthy brain tissue. In order to deliver systemic chemotherapies in combination with 

our Pep-1L based therapy, we reported a strategy to enhance BBB and BTB permeability 

by loco-regionally delivering actinium-225 labeled, integrin αvβ3 (IA) targeted partially 

polymerized liposomes ([225Ac]IA-PPL) in mice bearing orthotopic GBMs. We validated 

the effect of [225Ac]IA-PPL on GBM and normal brain vasculature by visualizing and 

quantifying the extravasation of systemically injected Evans Blue dye (surrogate for 

chemotherapies) and fluorescent PLGA nanoparticles (~300nm). We also reported that 

the area of BBB permeabilization was dependent on the dose of [225Ac]IA-PPL which 

was visualized by the extravasation of systemically injected MR contrast agent 

(gadolinium) using small animal MRI (Sattiraju et al, Molecular Cancer Therapeutics 
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2017; Sayour and Mitchell, Brain Sciences 2017, McDevitt, Sgouros and Sofou, Annual 

Review of Biomedical Engineering 2018). In addition, we also reported that [225Ac]IA-

PPL caused double strand DNA breaks within GBM tissue in addition to decreasing 

tumor cell proliferation and causing tumor cell apoptosis (Sattiraju et al. Molecular 

Cancer Therapeutics 2017). These findings indicated that apart from enhancing vascular 

permeability and perfusion within GBM tissue, [225Ac]IA-PPL could potentially have an 

additive effect when combined with [225Ac]Pep-1L and other systemic therapies.  

 

RESEARCH QUESTIONS  

Pitfalls of conventional treatments against glioblastomas 

Despite important findings in the recent decades regarding genetic drivers of GBM and 

microenvironmental components that play a crucial role in their maintainance and 

proliferation, our understanding about GBM pathobiology remains nebulous.  Even 

though surgical procedures for GBM patients have become more sophisticated in recent 

decades through the incorporation of imaging technologies such as magnetic resonance 

imaging (MRI) and intraoperative real-time optical imaging, the feasibility of resecting 

GBMs and the extent of resection (EOR) still depend upon tumor location (Van Meir et 

al., 2010). Loco-regional disease recurrence (arising 2-3cms from resection cavity) post 

treatment caused due to incomplete surgical debulking due to disease location and 

invasiveness, resistance to chemo and radiotherapies and high degree of tumor 

heterogeneity are major contributors to mortality in GBM (Okolie et al., 2016).  
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 Adjuvant chemotherapy using Temozolomide (brand name: Temodar) in 

combination with alternating electric field therapy (brand name: Optune) has increased 

the overall survival of GBM patients to about 20.8 months with frequent disease relapse 

and side effects being frequent (Stupp et al., 2012). The translation of various other 

chemotherapeutics into the clinic has been hindered due to neurological toxicities and 

drug delivery issues. Targeted therapies towards EGFRvIII receptor and VEGF-A 

showed promising results in pre-clinical studies but failed to impart significant survival 

benefit for patients in clinical trials likely due to ineffective and non-uniform drug 

delivery, selection of therapy resistant tumor cells and somatic mutations that allowed 

escape from therapy (Van Meir et al., 2010). Plasticity of GBM cells and their 

dependence on alternate pathways to achieve survival and proliferation could also have 

potentially contributed to treatment resistance and relapse, especially towards small 

molecular inhibitors.  Regardless of the lethality, specificity and sophistication of various 

therapeutic compounds, their ability to accumulate in effective concentrations within 

tumor tissue often determines their efficacy. Malignant tumors promote angiogenesis and 

support poorly organized tumor blood vessels which result in poor perfusion within 

tumor tissues. This is often the case even in GBMs. Delivering drugs to GBMs is further 

complicated by the presence of the BBB, which is a protective vascular architecture 

within the CNS. BBB only allows diffusion of water, oxygen, carbon dioxide and highly 

lipophilic molecules (molecular mass<400Da) and actively transports glucose, amino 

acids, hormones and larger molecules into the brain through transporters and receptor 

mediated endocytosis (Ballabh, Braun, & Nedergaard, 2004; Banks, 2016). It is therefore 

important to design drug delivery strategies which could bypass BBB and enhance 
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perfusion within tumor tissues, thereby allowing a greater accumulation of systemically 

and loco-regionally administered drugs. Even though GBMs have been shown to 

breakdown the BBB, systemic delivery of therapeutics to GBMs is still hindered as this 

enhanced BBB permeability is often not uniform within the tumor tissue and peri-tumoral 

regions allowing invasive GBM cells to escape exposure to therapy.  

External beam radiotherapy, which is another standard treatment option for GBM 

patients causes DNA strand breaks in rapidly dividing cells within the radiation field 

resulting in the incorporation of lethal genetic mutations and eventual cytotoxicity. 

Radiation and surgery had brought the largest extension in patient survival in the past, 

however, longitudinal studies have reported late-delayed neurocognitive decline in 

patients who had undergone radiation therapy, highlighting the adverse side effects of 

exposing neural tissues to ionizing radiation and the resulting focal or diffuse necrosis 

(Greene-Schloesser & Robbins, 2012). Gamma Knife, a stereotactic radiosurgical 

technique that reduces radiation exposure to normal brain tissue, which is not particularly 

used in GBM, has allowed neurosurgeons to eradicate small to medium tumors while 

reducing side effects but limiting the radiation field to avoid unwanted damage to normal 

brain tissues surrounding areas of contrast enhancement within GBMs results in the 

survival of invasive GBM cells leading to disease recurrence.  

GBMs are often characterized by regions of severe hypoxia which result in 

pseudopalisading necrosis which are an important histological feature of the disease. 

Ionizing radiation used for radiation therapy (γ particles) often do not affect GBM cells 

residing in hypoxic regions due to the lack of generation of reactive oxygen species 

(ROS) and quiescent nature of cells residing in such microenvironments (Brat et al., 
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2004). The use of short-ranged, biomarker-targeted radionuclides that are effective even 

within hypoxic microenvironments could prevent post-treatment complications and 

enhance quality of life and survival of GBM patients. It is therefore imperative to design 

treatments that can be targeted towards GBM cells while sparing normal brain 

parenchyma and deliver them using strategies which would allow their access to 

infiltrating GBM cells. 

Glioblastoma Stem Cells and diagnostic validation of treatment success 

Treatment resistant, slow dividing cells within GBMs have been reported to 

express stem cell phenotypes indicating either a selective advantage for those tumor cells 

that revert to a primitive cell state or the presence of malignant stem cells within GBMs 

that act as cells of tumor initiation (Fidoamore et al., 2016). Chemotherapy and radiation 

therapy, which induce  apoptosis upon incorporating lethal defects to DNA repair and 

replication processes fail to eradicate stem-like GBM cells, whose resistance to such 

therapies is problematic. GSCs also overexpress drug efflux pumps such as cell surface 

receptor multi drug receptor-1 (MDR-1) (M. Jackson, Hassiotou, & Nowak, 2015). Even 

though questions about the ontology and role of stem cells within GBMs is currently a 

hotly debated topic, recent studies have shown that it is critical to eradicate or stymie the 

function of such treatment resistant-, stem cell like malignant cells, which could cause 

GBM relapse (Shideng Bao et al., 2006; M. Jackson et al., 2015). 

Elucidating cellular events that lead to gliomagenesis would be critical in 

identifying better therapeutic targets and to diagnose GBMs earlier but understanding the 

cellular evolution of established GBMs during and after treatments is equally important. 
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Various studies have shown the existence of divergent, treatment resistant clones arising 

from GBMs after treatments. The ability to detect treatment resistance in tumors using 

imaging techniques and to initiate secondary treatment strategies would be invaluable for 

enhancing GBM patient survival.   

RESEACH STRATEGY 

Exploiting expression of GBM restricted biomarker IL13RA2 to deliver cytotoxic 

therapeutics 

IL13RA2 is a GBM restricted receptor that is highly overexpressed in over 75% of 

GBMs but absent in normal brain tissue, highlighting its potential as a therapeutic target 

(Wykosky, Gibo, Stanton, & Debinski, 2008). IL13RA2 was postulated to function as a 

decoy receptor to functionally sequester interleukin 13 (IL13) and prevent it from binding 

to the physiologically abundant heterodimer of IL13RA1/IL4RA receptor chains. IL13 

and IL4 ligands which bind to heterodimerized IL13RA1/IL4RA receptors are thought to 

induce STAT6 mediated apoptosis which is prevented by IL13RA2 expression by GBM 

cells, but its specific role is still yet to be clearly elucidated. A recent study has 

demonstrated that IL13RA2 could potentially play a role in activating the 

Scr/PI3K/Akt/mTOR pathway (Tu et al., 2016).  

IL13RA2 is thought to lack a cytoplasmic signaling tail but was previously 

reported to be internalized upon binding to IL13 and its derivatives in GBM cells, making 

it an attractive target for delivering cytotoxic therapeutics (Thaci et al., 2014). PRECISE 

clinical trial evaluating the efficacy of Cintredekin besudotox (CB) (human IL-13 fused 

to mutated Pseudomonas exotoxin A) which was infused using CED in comparison to 
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gliadel wafers (GW) had previously found that CB delayed tumor progression when 

compared to GW (Vogelbaum et al., 2007). In addition, a recent phase-1 clinical study 

had reported complete response in a patient who was treated on a compassionate basis 

with intracavitary and intraventricular infusions of chimeric antigen receptor (CAR) T-

cells targeting IL13RA2 expressing GBM cells, further highlighting the therapeutic 

advantage of targeting IL13RA2 (Christine E. Brown et al., 2016). Peptide ligands which 

specifically target IL13RA2 expressing GBM cells can be designed to function as 

molecular scaffolds to deliver molecular therapeutics while sparing normal brain tissue.  

Delivering lethal therapeutics to IL13RA2 using peptides may be advantageous 

compared to using larger proteins and antibodies due to their small size which results in 

relatively brisk plasma clearance. Pandya et al discovered an IL13RA2 targeting 

linearized heptapeptide “Peptide-1 linear” (Pep-1L) that showed promising specificity in 

vitro and in vivo. Specifically, they evaluated GBM localization of intravenously injected 

cy5.5 conjugated Pep-1L in mice and found cy5.5-Pep-1L accumulation within tumor 

tissue upto 288 hours post injection. These results highlighted the potential of using Pep-

1L as a molecular scaffold to deliver anti-GBM therapy (Pandya, Gibo, Garg, Kridel, & 

Debinski, 2012).  

Inducing irrepairable DNA damage within GBMs using actinium-225  

Alpha particles are characterized by a short range (50-100μm) and high linear energy 

transfer (~80keV/ μm) which causes irreparable double strand DNA breaks independent 

of ROS. Actinium-225 is effective for use in such strategies due to its 10-day half-life 

and the release of four α-particles upon its decay. Targeting α-particles towards tumor 
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and tumor associated blood vessel specific cell surface receptors could cause tumor tissue 

specific cytotoxic effects, even within hypoxic regions, while sparing healthy brain 

tissue. While our group and various others have demonstrated the therapeutic potential of 

targeted β-emitting radiotherapy, it is less attractive than α-particle emitters in GBMs due 

to its relatively long-range energy which could result in neurological toxicities and its 

significantly lower killing potential.  

A treatment strategy of inducing GBM specific cytotoxicity using [225Ac]Pep1L 

therefore holds high translational potential and could lead to enhanced tumor clearance 

and quality of life. Combination of [225Ac]Pep1L with Optune or TMZ could also be 

evaluated in the future to further enhance median overall survival (OS) and progression 

free survival (PFS) in GBM patients. 

Integrin αvβ3 targeted nanoparticles to enhance permeability of the BBB 

 BBB is a protective vascular architecture shown to prevent the effective diffusion of 

systemically administered therapies into the CNS for treating various neurological 

disorders. Therefore, significant efforts are being made to design safe and effective 

strategies to bypass such barriers for efficient drug delivery. As tumors establish 

themselves and expand, there is an ever increasing demand for nutrients and oxygen 

(Ballabh et al., 2004). This results in a state of cellular hypoxia within tumors. In order to 

survive, tumors induce angiogenesis resulting in the sprouting of new blood vessels 

which bring nutrients and oxygen which not only serves to provide resources to survive 

and proliferate for tumors cells but also allows them to migrate to distant metastatic sites.  
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Integrin αvβ3 consisting of two non-covalently bound transmembrane subunits 

belonging to a family of cell adhesion receptors, have been found to play an important 

role in angiogenesis. Integrin αvβ3 is not only highly expressed on angiogenic endothelial 

cells but also on tumor cells, especially on margins of invasion which are characteristic of 

GBMs (Bello et al., 2001). A small molecule integrin antagonist (IA) that was previously 

reported to strongly bind αvβ3 integrin and is currently undergoing clinical trials (Xie, 

Shen, Li, & Danthi, 2007). Xiong et al subsequently showed the specificity of IA 

conjugated PPLs (IA-TLs) towards integrin αvβ3 expressing U87 human GBM cell line 

and human umbilical cord vascular endothelial cells (HUVECs) in vitro. This specificity 

was further reinforced by Xiong et al by demonstrating binding of IA-TLs to the αvβ3 

expressing M21 human melanoma cell line but lack of binding to the control matched 

M21L cell line, which is a stable variant of M21 cell line lacking αvβ3 expression (Xiong, 

Fung, Tung, & Li, 2013).  

Tumors are characterized by extensive accumulation of fluid due to leaky blood 

vessels resulting from disorganized angiogenic endothelial cells and lack effective 

lymphatic drainage. This property of tumors, termed Enhanced Permeability and 

Retention (EPR), allows nanoparticles to passively accumulate within tumor tissue 

(Maeda, Nakamura, & Fang, 2013). By targeting liposomes, we can not only deliver 

nanoparticles to tumor tissue passively by EPR, but also actively target them to tumor 

specific cell surface receptors resulting in their retention and internalization. Baumann et 

al have shown that exposure to external beam radiation enhanced BBB permeability 

within mice bearing orthotopic GBMs while Escorcia et al had shown that 225Ac targeted 

to vascular cadherin caused reversal of tumor vessels to a normal phenotype (vessel 
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normalization) in addition to causing anti-angiogenic effects (Baumann et al., 2013; 

Escorcia et al., 2010). These studies highlighted the potential for using targeted ionizing 

radiation for enhancing BBB permeability and for increasing perfusion within GBM 

while limiting collateral damage to healthy brain tissue.  

Combining targeted therapy with short-ranged atomic nanogenerators: Loco-

regionally eradicating GBM cells and enhancing permability of systemic therapies 

across the BBB  

In this dissertation, we initially aimed to examine the specificity of [64Cu]Pep-1L to 

IL13RA2 expressing GBM cells using PET/CT imaging in order to validate [64Cu]Pep-

1L as a potential PET imaging agent for GBM patients and to understand its intratumoral 

distribution. By labeling Pep-1L to 225Ac using a DOTA chelator, we then aimed, for the 

first time, to evaluate the efficacy of a loco-regionally delivered, IL13RA2 directed alpha 

particle therapy using an orthotopic GBM xenograft model. In addition, we also aimed to 

evaluate the effect of 225Ac labeled liposomes targeted to integrin αvβ3 on BBB 

permeability in areas surrounding GBMs and on vascular perfusion within tumor tissue 

for the first time. By enhancing perfusion within GBM tissue and the permeability of 

BBB in areas surrounding tumors through the systemic delivery of [225Ac]IA-TLs, we 

aimed to increase the access of systemically delivered therapies to previously 

inaccessible areas in and around the tumors as this could potentially eliminate invasive 

GBM cells in addition to increasing the efficacy of targeted therapies. Our studies could 

possibly lead to a reduction in the frequency of recurrent GBMs and increase the time 

before disease relapse.  
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RESEACH IMPACT 

The aim of our studies included in this work was to deliver short-ranged lethal irradiation 

selectively to IL13RA2 expressing GBM cells while incorporating strategies that could 

enhance the delivery of our radio-immunotherapeutic and other concomitantly delivered 

systemic therapies. We validated the specificity of [64Cu]Pep-1L towards IL13RA2 

expressing GBM cells in vitro and showed that intratumorally delivered [64Cu]Pep-1L 

localized within GBM tissues in vivo (Chapter 2). Through our studies, apart from using 

[64Cu]Pep-1L to validate the specificity of our peptide towards IL13RA2 expressing cells, 

we also reported a potential 64Cu based PET imaging agent for GBM patients. [64Cu]Pep-

1L could additionally be used before and during treatment with IL13RA2 targeted 

therapies such as [225Ac]Pep-1L to non-invasively analyse biomarker expression in 

patients and to analyse distribution of intratumorally delivered therapies in real-time 

respectively. The availability of this non-invasive imaging option could be valuable for 

physicians to better stratify patients best suited for IL13RA2 targeted therapies. In 

addition, this could also allow physicians to not only visualize treatment success when 

using IL13RA2 targeted agents but also to visualize treatment resistance in recurrent 

GBMs post treatment, which would enhance patient survival by decreasing the time to 

shifting to an alternate therapy. 

Using an orthotopic mouse model of GBM, we also reported that a single 

intratumoral administration of [225Ac]Pep-1L imparted a statistically significant increase 

in median OS by inducing tumor cytotoxicity due to double strand DNA breaks. These 

results indicated that [225Ac]Pep-1L is a promising radio-immunotherapeutic candidate 

for use in the clinic for GBM patients in the future (Chapter 3). These findings are the 
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first report of a targeted alpha particle therapy against IL13RA2 and could lead to 

reduced neurological toxicities for GBM patients in the future. Recurrent disease due to 

therapy resistant GSCs, hypoxic microenvironments and invasive GBM cells is a major 

contributor to mortality rates of GBM patients either due to reduced therapeutic efficacy 

or exposure. [225Ac]Pep-1L could potentially help to overcome the above mentioned 

challenges by causing death of slow-diving GSCs, even in hypoxic microenvironments, 

as alpha particles do not rely on generation of ROS for inducing double strand DNA 

breaks. Due to the high degree of GBM selectivity of our radio-immunotherapeutic, 

combining [225Ac]Pep-1L with strategies that enhance vascular permeability within the 

CNS could potentially eradicate invasive GBM cells, which often escape therapeutic 

exposure, while sparing normal cells within the brain parenchyma. In addition, due to its 

mode of action, [225Ac]Pep-1L could also be combined with currently approved 

alkylating agents such as temozolomide (TMZ) to enhance the treatment success. 81C6, 

an astatine-211 (alpha particle nanogenerator) labeled chimeric anti-tenascin monoclonal 

antibody was previously reported to increase the overall survival of patients with 

recurrent GBM to about 54 weeks when infused intracranially into their surgically 

created resection cavity in combination with salvage chemotherapy, indicating the 

feasibility, safety and potential anit-tumor benefit of loco-regionally delivering targeted 

alpha particle therapies against GBMs in combination with chemotherapeutics (Zalutsky 

et al., 2008). 

 Ineffectiveness of many therapies targeted towards GBMs in clinical trials, that 

show promising and sometimes remarkable results in preclinical studies has been blamed 

on improper drug delivery which results in the accumulation of ineffective concentrations 
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of drugs within tumor tissues and GBM cells that evade exposure to therapy. Invasive 

GBM cells that infiltrate and become embedded within normal brain parenchyma almost 

always escape surgical debulking, therapeutic exposure and cannot be detected non-

invasively. The ability to target these invasive GBM cells early and to reduce their ability 

to cause disease relapse could therefore impart significant survival benefit to GBM 

patients. By exploiting the expression of integrin αvβ3, a biomarker that is often expressed 

not only on GBM vasculature but also on invasive GBM cells, to deliver a single 

treatment of alpha particle nanogenerators, we showed that the vascular permeability 

within tumor and peri-tumoral regions of GBMs could be enhanced in addition to 

inducing cytotoxicity within tumor tissue due to double strand DNA breaks (Chapter 5). 

[225Ac]IA-TLs treatment could potentially be delivered concomitantly along with 

[225Ac]Pep-1L to enhance its intracranial distribution within and around GBM tissues and 

further investigations that evaluate the effects of combining loco-regional delivery of 

[225Ac]IA-TLs and [225Ac]Pep-1L are currently underway. As indicated by the 

extravasation of Evans Blue dye in our studies, which was used as a surrogate to 

chemotherapeutics, [225Ac]IA-TLs could potentially be used to enhance the extravasation 

and localization of systemically delivered chemotherapies such as TMZ. In this work, we 

also mention studies where we observed [225Ac]IA-TLs to cause cytotoxic double strand 

DNA breaks within the tumor tissue where it was delivered. Even though we observed 

extravasation of systemically injected Evans Blue dye in areas away from the injection 

site, we did not however observe double strand DNA breaks in these distal regions, 

indicating that the cytotoxic effect of [225Ac]IA-TLs does not extend into the areas 

surrounding bulk GBM tissue. Loco-regionally delivering another dose of [225Ac]IA-TLs, 
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after initially enhancing vascular permeability, could potentially eradicate invasive GBM 

cells that express integrin αvβ3 in those newly accessible areas. Delivering therapies loco-

regionally and systemically after enhancing vascular permeability using [225Ac]IA-TLs 

could therefore eradicate invasive cells and prevent or extend the time to disease relapse.  

 Zeng et al had previously reported a survival benefit in mice bearing orthotopic 

GL261 tumors that were treated with a combination of radiation therapy and anti PD-1 

antibody. In the same study, they also reported an increase in the cytotoxic to regulatory 

T cell ratio in mice that were administered with the combined therapy (Zeng et al., 2013). 

In addition, the “abscopal effect” of radiation and its association with an anti-tumor 

immune response has been reported by various groups for the past 20 years. [225Ac]IA-

TLs and [225Ac]Pep-1L treatments could therefore also be combined with checkpoint 

inhibitors to enhance tumor clearance. Compared to other reported strategies to enhance 

the permeability of the BBB, [225Ac]IA-TLs could provide an additional advantage of 

causing a therapeutic effect against GBMs.  

 Loco-regional delivery of [225Ac]Pep-1L and [225Ac]IA-TLs could potentially lead 

to a reduction in the frequency of recurrent GBMs and increase the time to disease 

relapse. This approach could be used to enhance the delivery of various drugs into the 

CNS to target tumors and other neurological disorders and therefore has a high 

translational potential. Therefore, IL13RA2 directed alpha particle immunotherapy and 

subsequent elimination of residual, treatment resistant GBM cells after enhancing BBB 

permeability and tumor perfusion, using systemically delivered therapies could increase 

median OS and PFS in GBM patients in the future.    
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This chapter summarizes initial reports of stem-like cells within glioblastomas and recent 

discoveries which shed light on their critical pathways and biomarkers which could 

potentially be targeted. The aim of the chapter is not only to inform the reader about the 

biology of glioblastoma stem cells and their microenvironment but to also introduce 

concepts related to glioblastoma initiation and progression while discussing challenges 

to enhance patient survival using conventional therapies, which following chapters 

within this dissertation would aim to address. 
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1. Introduction 

1.1 Disease classification and histopathology  

Glioblastoma (GBM) is classified according to the 2007 WHO classification as a grade 

IV (high grade) astrocytoma [(Louis et al., 2007)]. GBM is the most common and 

aggressive primary (arising de novo) malignant astrocytoma which is often characterized 

by extensive microvascular hyperplasia, hypercellularity, proliferation, diffuse infiltrating 

margins and necrotic foci, often surrounded by pseudopalisading cells, an ominous 

histopathological feature that distinguishes them from non-malignant “low-grade” 

gliomas (grade I and II) [(Bissell & Radisky, 2001; Brat et al., 2004; Rong, Durden, Van 

Meir, & Brat, 2006; Van Meir et al., 2010)]. These pseudopalisades have previously been 

reported to be highly hypoxic and instigate microvascular hypercellularity through 

secretion of hypoxia inducible factors (HIFs), vascular endothelial growth factor A 

(VEGF-A) and interleukin 8 (IL-8). Using microarray analysis, The Cancer Genome 

Atlas (TCGA) researchers were able to identify genomic changes which drive GBM 

tumor development and classified the disease into classical (EGFR high, mutated TP53 

low), proneural (mutated TP53 high, mutated IDH1 high, mutated PDGFA high), 

mesenchymal (mutated NF1 high, frequent mutations of PTEN and TP53) and neural 

subtypes (mutations in same genes as other subgroups; expression of neural genes) 

[(Verhaak et al., 2010)]. 

1.2 Therapeutic challenges for treating GBMs 

Standard treatment strategies for GBM patients in the clinic include surgical resection, 

radiotherapy, chemotherapy with temozolomide (TMZ) and the recently FDA approved 
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oscillating electric field therapy [(Hottinger, Stupp, & Homicsko, 2014; Weller, 

Cloughesy, Perry, & Wick, 2012)]. Regardless of efforts to increase safety and efficacy 

of these treatments in the clinic, the median overall survival of patients has only extended 

to about 14.6 months. GBM is a highly infiltrative disease with cancer cells migrating 

extensively into surrounding normal neural tissue. It is therefore not possible to remove 

all tumor cells from patients through surgical resection, as they have been observed 2-3 

cm from the original site of the tumor. Importantly, these invasive cells that are left 

behind after surgery close to the margins of the resection cavity give rise to even more 

aggressive tumors [(Chaichana, 2014; Eyupoglu, Buchfelder, & Savaskan, 2013; Yong & 

Lonser, 2011)]. These cells that repopulate and maintain GBM tumors after gross surgical 

resection are thought to be undifferentiated glioblastoma stem cells (GSCs) [(Ahmed, 

Auffinger, & Lesniak, 2013; Cho et al., 2013; M. Jackson et al., 2015; Justin D. Lathia, 

Mack, Mulkearns-Hubert, Valentim, & Rich, 2015)].  Seeding other normal regions of 

the brain with primary GBM cells during resection is another possible limitation of 

surgery.  

The vasculature within the central nervous system protects neural tissue from 

harmful molecules by the formation of a blood-brain barrier (BBB). It comprises of 

astrocytes and pericytes which wrap around endothelial cell tight junctions [(N. J. Abbott, 

2002; N. Joan Abbott, Patabendige, Dolman, Yusof, & Begley, 2010; Agarwal, 

Manchanda, Vogelbaum, Ohlfest, & Elmquist, 2013; Persidsky, Ramirez, Haorah, & 

Kanmogne, 2006; Hartwig Wolburg & Lippoldt, 2002)]. The protective nature of the 

BBB causes several complications in delivering effective concentrations of therapies to 

tumor tissue as it regulates the extravasation of macromolecules and chemotherapy 
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[(Hawkins & Davis, 2005; Pardridge, 2005)]. GBMs exhibit high genetic heterogeneity 

due to clonal evolution of cancer cells making it difficult to target all GBM cells using a 

single biomarker targeted therapy that results in cancer cells surviving treatment and 

ultimate recurrence [(Bonavia, Inda, Cavenee, & Furnari, 2011; Inda et al., 2010; Patel et 

al., 2014; Sottoriva et al., 2013)]. GSCs are thought to exist primarily in hypoxic or 

necrotic areas which are often inaccessible by chemotherapy and are thought to be 

resistant to chemotherapy due to overexpression of drug efflux pumps and their slow 

division rate [(Bar, Lin, Mahairaki, Matsui, & Eberhart, 2010; Carmeliet & Jain, 2000; 

Dewhirst, Cao, & Moeller, 2008; John M. Heddleston, Li, Hjelmeland, & Rich, 2009; J. 

M. Heddleston et al., 2010; Zhizhong Li et al., 2009; Anastasia Murat et al., 2008; F. 

Pistollato et al., 2010; Seidel et al., 2010; Singh, Hawkins, et al., 2004)]. Radiation 

therapy is another standard treatment option for GBM patients but has proven to be 

ineffective in completely eliminating the disease [(S. Bao, Q. Wu, R. E. McLendon, et 

al., 2006; S. Bao, Q. Wu, S. Sathornsumetee, et al., 2006)]. Radiation causes the creation 

of free radicals in oxygenated areas that in turn cause DNA breaks in cells within the 

exposure field. GSCs are often resistant to radiation therapy as they are thought to exist 

primarily in hypoxic regions within the tumors where the creation of high amounts of free 

radicals is not possible [(S. Bao, Q. Wu, R. E. McLendon, et al., 2006; J. Wang et al., 

2010)]. Radiation therapy also inflicts immediate and long term neuro-cognitive deficits 

due to damage to surrounding normal neural tissue [(Greene-Schloesser & Robbins, 

2012; Greene-Schloesser et al., 2012; Tallet et al., 2012)].  
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1.3 Attempts to target GSCs and role of microenvironment 

Strategies to bypass or to enhance the permeability of the BBB in order to deliver 

effective concentrations of chemotherapy have shown promise. Furthermore, engineering 

advances have allowed for limiting radiation exposure and protecting normal areas of 

brain [(Baskar, Lee, Yeo, & Yeoh, 2012; Burgess, Nhan, Moffatt, Klibanov, & Hynynen, 

2014; Jordao et al., 2013; Konofagou et al., 2012; Nhan, Burgess, Lilge, & Hynynen, 

2014)]. But strategies to identify GSC specific biomarkers and the targeting of therapies 

against them have not been fruitful thus far. Recent studies have highlighted the 

importance of the microenvironment including paracrine factors secreted within the 

perivascular niche, hypoxic areas and the extracellular matrix on the biology and 

maintenance of GSCs. It is therefore imperative to understand the important pathways 

within the GSC niche that are critical for their survival and maintenance. It is also 

important to identify the nature of origin of GSCs as it could allow elucidating their 

biology and understanding extracellular factors that are critical for their maintainance. In 

this chapter, we introduce you to recent finding regarding the GSC microenvironment 

and highlight critical steps that could be taken in the future. 

2. Discovery of cancer cells expressing stem cell surface markers  

A stochastic model in which all cancer cells possessed similar proliferative capability was 

predicted to explain tumor progression. Cancers were therefore thought to arise upon 

spontaneous mutations that occur within terminally differentiated somatic cells leading to 

aberrant cellular proliferation [(Dalerba, Cho, & Clarke, 2007; Hanahan & Weinberg)]. 

Teratomas, which are benign masses arising from aberrantly proliferating 
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undifferentiated stem cells were thought to occur only in rare cases due to genetic and 

developmental defects within the germline cell lineages. Researchers later discovered a 

subpopulation within acute myeloid leukemia (AML) patient samples associated with 

normal hematopoietic stem cells by sorting for expression of cell surface markers 

[(Lapidot et al., 1994)]. Clonogenic assays showed that this small subset of cancer cells 

expressing normal stem markers, now termed cancer stem cells (CSCs), could give rise to 

de novo leukemia, histologically similar to parental disease, when engrafted in bone 

marrow of immunocompromised mice [(Lapidot et al., 1994)]. Using ectopic xenograft 

assays, it was determined that CD38+/CD34- immunophenotype were able to initiate de 

novo leukemia in immunocompromised mice [(Lapidot et al., 1994)]. Subsequently, 

studies sorting for the presence normal stem cell markers in populations of cancer cells 

found similar CSC in solid cancers in locations such as the breast, liver, colon, prostrate, 

pancreas, skin (melanoma) and brain [(D. Fang et al., 2005; D. D. Fang et al., 2010; 

Singh et al., 2003; Tomuleasa et al., 2010; Zhu et al., 2010)].  

The brain had long been thought to have limited differentiation and regenerative 

capabilities but the discovery of neural stem cells (NSCs) (prior to the discovery of 

CSCs) within distinct niches in the subventricular zone (SVZ) of the forebrain lateral 

ventricles and the subgranular zone (SGZ) in the dentate gyrus of the hippocampus 

indicated that neurogenesis within the brain could possibly occur throughout adult life 

[(Eriksson et al., 1998; Riquelme, Drapeau, & Doetsch, 2008; Vescovi, Galli, & 

Reynolds, 2006)]. The discovery of CSCs in leukemia and other solid cancers led to 

studies aimed at discovering similar such cancer cells within tumors of the central 

nervous system. The initial discovery of neurosphere forming undifferentiated stem cells 
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within human GBM biopsy samples (GSCs) and the identification of CD133+ as a 

marker for this cellular subpopulation within those samples alerted researchers to the 

possibility of cell populations within GBMs which might have greater differentiation 

capability than other cells within tumors [(Ignatova et al., 2002; Singh, Clarke, Hide, & 

Dirks, 2004; Uchida et al., 2000)]. Xenograft studies found that the CD133+ subset of 

GBM cells could give rise to histologically identical orthotopic GBMs in 

immunocompromised rodents. Later studies also showed that these GSCs could be 

differentiated into cells showing decreased differentiation and proliferation capabilities 

[(Bradshaw et al., 2016; T. W. Kang et al., 2014; Laks et al., 2009)]. These findings gave 

rise to a hierarchic model to predict tumor progression, in which undifferentiated cancer 

cells expressing stem cell surface markers were considered at the top of the hierarchy and 

cancer cells showing reduced differentiation capabilities, such as transiently amplifying 

progenitor cells and terminally differentiated cells were considered lower in hierarchy 

[(Cabrera, Hollingsworth, & Hurt, 2015; Dick, 2009; Kreso & Dick, 2014; Nguyen, 

Vanner, Dirks, & Eaves, 2012)].  

The existence of GSCs still remains a point of intense contention within scientific 

circles due to (i) the relatively small number of these cells within patient GBM samples, 

(ii) its uncertain cell of origin; and (iii) lack of a universal identification marker specific 

for GSC immunophenotype, as recent studies show that not all GSCs are CD133+. 

2.1 Identification and isolation of GSCs using cell specific markers  

A high variability in cell surface marker expression in observed within patient GBM 

samples and between samples from different patients due to the highly heterogeneous 
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nature of the disease [(Inda et al., 2010)]. Although initial studies had identified cell 

populations enriched for CD133 cell surface marker as GSCs, further reports identified 

GBM cells which did not show enrichment in their CD133 expression but formed 

neurospheres in culture and tumorigenesis in xenograft assays. Cellular heterogeneity 

within biopsy samples and inefficient antibody labeling during FACS could explain for 

the lack of expression of CD133 in these cells [(Kelly et al., 2009; Nishide, Nakatani, 

Kiyonari, & Kondo, 2009; Ogden et al., 2008; Shackleton, Quintana, Fearon, & 

Morrison, 2009; Son, Woolard, Nam, Lee, & Fine, 2009)]. GBMs consist of various 

clones expressing a diverse genetic profile and it is hypothesized that GSCs from one 

region of a tumor could express different cell surface markers when compared to GSCs in 

another region of the tumor. Therefore, the location within tumors from where GSCs are 

enriched may also plays a vital role in there stem cell marker expression.     

 CD133+ GBM cells have been shown to be resistant to radiation and 

chemotherapy due to activation of cell cycle checkpoint pathways, enhancement of DNA 

repair and aberrant cell survival mechanisms. Gene expression profiling of treatment 

resistant GBM cells showed them to be enriched for CD133 expression [(S. Bao, Q. Wu, 

R. E. McLendon, et al., 2006; A. Murat et al., 2008)]. Tumors derived from CD133+ 

GBM cells have also been reported to be highly vascularized due to promotion of 

angiogenesis through secretion of VEGF and SDF-1. These tumors also show greater 

invasion into normal brain tissue when compared to other GBM cell lines [(S. Bao, Q. 

Wu, S. Sathornsumetee, et al., 2006)]. Additionally, the stage of a patient’s disease could 

also impact the cell surface marker expression of GSCs thereby showing variable results 

when comparing different patient samples. The particular therapy regiment along with its 
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duration could also potentially impact cell surface marker expression within GBMs of 

patients. GSCs have also been reported to show high cellular plasticity. Recent reports 

have shown that not only can GSCs differentiate into progenitor and terminal cells, but 

their daughter cells can also de-differentiate back into GSCs depending on 

microenvironmental cues and adaptation to treatment [(Lee, Hall, & Ahmed, 2016; Safa, 

Saadatzadeh, Cohen-Gadol, Pollok, & Bijangi-Vishehsaraei, 2015)]. Terminal 

differentiated GBM cells could therefore express markers of different lineages 

simultaneously and have no counterparts in normal physiological lineages [(J. M. 

Heddleston et al., 2011)]. GSCs have also recently been shown to transdifferentiate into 

endothelial cells [(J. M. Heddleston et al., 2011; Ricci-Vitiani et al., 2010; R. Wang et al., 

2010)]. These data indicate that CD133 could be considered as a biomarker of GSCs and 

provides survival advantages to tumors. However, evidence suggests that additional 

markers could more precisely identify GSC populations due their divers and high 

plasticity.  

 Alternate cell surface markers such as integrin α6, SSEA-1, A2B5 and CD44 

could also be considered to enrich for GSC population [(Ogden et al., 2008)]. Integrin α6 

high cells have been reported to be more tumorigenic than integrin α6 low cells. Integrin 

α6 co-segregates with CD133 but integrin α6 positive cells are enriched for neurosphere 

formation regardless of enrichment in CD133 expression. Knockdown of integrin α6 

impedes neurosphere formation and tumor development in xenografts indicating that 

integrin α6 is probably expressed on a broader pool of GSCs [(J. D. Lathia et al., 2010)]. 

SSEA-1 (stage specific embryonic antigen-1) is thought to be secreted by neural stem 

cells to modulate Wnt signaling and has been shown to be expressed on CD133+ tumors. 
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SSEA-1+ GBM cells also show greater tumorigenicity when compared to SSEA-1- GBM 

cells [(Son et al., 2009)]. A2B5+ GBM cells have also been shown to be highly 

tumorigenic compared to A2B5- GBM cells. This corroborates the fact that A2B5 has 

been shown to co-segregate with CD133 in flow cytometry studies [(Ogden et al., 2008)]. 

But, similar to integrin α6, A2B5+/CD133- GBM cells showed tumor initiating capability 

in xenograft studies. This indicates that A2B5 could be used to enrich a broader pool of 

GSCs.  Side population using Hoechst 33342 was also shown to as a cell surface marker 

independent technique to enrich for GSCs. However, conflicting reports about the 

tumorigenic capability of isolated cells as well as viability issues after exposure to the 

dye have yet to be addressed [(Bleau et al., 2009)]. Intracellular stem markers such as 

Olig2, Musashi, Bmi and Sox2 could also be used to verify enriched GSC populations 

[(S. Bao, Q. Wu, R. E. McLendon, et al., 2006)]. These studies indicate that more than 

one biomarker may potentially have to be used in order to segregate a GSC population. 

Additionally, the set of biomarkers used to efficiently segregate GSCs from one patient’s 

GBM may not efficiently segregate the entire pool of GSCs from another patient’s GBM 

due to the highly heterogeneous nature of the disease.  

2.2. Glioblastoma cell of origin  

The stochastic and hierarchic models not only predict gross steps that occur in the process 

of tumor progression but also indicate possible cells of origin (COIs) in a variety of 

cancers. The identification and isolation of COIs in GBM and other cancers could not 

only indicate which of the two predicted models of tumor progression might be accurate 

but could also shed light on the emergence of CSCs and their role in tumors maintenance, 

which eventually could lead to identification of better targets for cancer therapy.  
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Fig. 7.1 Diagrammatic representation of stochastic and hierarchical models of tumor 

progression. NSC normal stem cells; CSC cancer stem cells; CPC cancer progenitor 

cells/transiently amplifying cells; TDC terminally differentiated cells; mut genetic mutation 

 

  Currently, there are two lines of thought regarding COIs of cancers, one that 

assumes  that somatic differentiated cancer cells undergo de-differentiation and 

transform upon genetic mutations and microenvironmental cues to give rise to CSCs 

[(Friedmann-Morvinski & Verma, 2014; Hanahan & Weinberg)]. These CSCs could later 

give rise to progenitor cancer cells and terminally differentiated cancer cells. The other 

line of thought assumes that normal stem cells already present in various organs undergo 

genetic mutations and react to aberrant paracrine signaling within their microenvironment 

to give rise to altered undifferentiated malignant stem cells. These deviant stem cells can 
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then give rise to aberrant progenitor cells with unregulated proliferative capabilities and 

later terminally differentiated cancer cells [(Kreso & Dick; Reya, Morrison, Clarke, & 

Weissman, 2001; Tan, Park, Ailles, & Weissman, 2006)].  

Role of the microenvironment in maintenance of glioblastomas stem cells 

The site of origin of GSCs, either from a defined COIs or through de-differentiation from 

somatic GBM cells, is highly dependent on the microenvironment and the paracrine 

signaling networks. It is therefore important to understand the interactions of actors in the 

vicinity of established tumors.  

3. Role of the neural stem cell niche in the origin and maintenance of glioblastoma 

stem cells arising from aberrant stem and precursor cells 

Niches for stem cells are found in various organs in the body and are specific for each 

type of stem cell. These niches are not just repositories for stem cells but are also 

complex and dynamic ecosystems [(Gilbertson & Rich, 2007; Scadden, 2006; Scheres, 

2007)]. In the brain, stem cells have been found to primarily reside in the SVZ and SGZ. 

The niches within SVZ and SGZ consist of heterogeneous cell populations, extracellular 

matrix proteins and other secreted proteins. The role of the stem cell niche within the 

brain is to regulate the self-renewal and differentiation of neural stem cells [(Gage, 2000; 

Merkle, Tramontin, Garcia-Verdugo, & Alvarez-Buylla, 2004; Palmer, Willhoite, & 

Gage, 2000)]. 

 SVZ, lining the later ventricles in the brain contains slow diving Nestin+/ GFAP+ 

type B astrocytes (NSCs), which are rapidly dividing type C astrocytes (progenitor cells) 

that give rise to type A astrocytes (neuroblasts). Type A astrocytes in turn give rise to 
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committed neurons upon migrating anteriorly towards olfactory bulb (OB) [(Alcantara 

Llaguno et al., 2015)].  The astrocytes within these niches are also in close contact with 

ependymal cells that line the cavity of the niches and play a role in preventing the 

differentiation of cell within the niche by (i) expressing CXCR4 (that binds to distally 

secreted SDF-1), (ii) binding to sonic hedgehog (SHH) and (iii)by secreting factors such 

as EGF, bFGF, IGF1, TGF-α, VEGF, ephrins [(Doetsch, 2003; Fidoamore et al., 2016)]. 

The other main component of SVZ and SGZ is a network of capillaries that are in close 

proximity to NSCs. These facilitate bi-directional communication between NSCs and 

endothelial cells through factors such as BDNF, VEGFC, PDGF, IL8, IGF-1 and bFGF 

[(Leventhal, Rafii, Rafii, Shahar, & Goldman, 1999; Ramirez-Castillejo et al., 2006; 

Riquelme et al., 2008)]. This close proximity to endothelial cells and the ensuing 

communication indicates a possibility that there may be amore permeable BBB within the 

stem cells niches allowing them access to systemic growth factors, nutrients and 

hormones [(Fidoamore et al., 2016)].  

 The extracellular matrix is yet another important player in regulation of neural 

stem cell fate. Studies show that tenascin C has a regulatory effect on NSC fate and 

number [(Garcion, Halilagic, Faissner, & ffrench-Constant, 2004; Tavazoie et al., 2008)]. 

Heparin sulfate proteoglycans (HSPs) have been shown to interact with BMP-2-2, HH, 

Wnts and other morphogens crucial in adult neurogenesis. HSPs have also been shown to 

interact with tenascin C, collagens, laminins, VEGF, EGF, FGFs, IGF-II, PDGF-AA, 

chemokines and cytokines [(Doetsch, 2003)]. NOTCH signaling which is an important 

paracrine signaling mechanism for regulating proliferation and differentiation of NSCs is 

also altered in GSCs, helping GSCs maintain an undifferentiated stem-like cell state. 
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GSCs have been shown to lose oncogenic potential when NOTCH and its ligands Delta-

like1 and Jagged-like-1 are downregulated [(Fan et al., 2010; Louvi & Artavanis-

Tsakonas, 2006; Stockhausen, Kristoffersen, & Poulsen, 2009)]. In addition, neuronal 

signals from ChAT+ neurons present within the SVZ, microglia and cerebrospinal fluid 

could also regulate NSC proliferation and differentiation [(Paez-Gonzalez, Asrican, 

Rodriguez, & Kuo, 2014)]. These studies indicate the highly sophisticated and tightly 

regulated balance of various components of the neural stem cell niche that are responsible 

for maintaining NSCs. Dysregulation of any one of these components could result in a 

domino-effect which could cause de-regulated proliferation or differentiation of NSCs 

and their progenitor cells. Recent studies have also shown that deletion of Nf1, Trp53 and 

PTEN in adult neural stem cells and their progenitors resulted in altered migration of 

aberrantly differentiated progenitors from SVZ. These altered cells gave rise to tumors in 

the brain instead of migrating and terminally differentiating into neurons. Aberrant 

mutations within cells of the NSC niche or NSCs themselves could results in GSCs, 

which may migrate elsewhere to form tumors or give rise to cells with similar 

differentiation potential through asymmetric division. These progeny can then in turn 

migrate to other regions of the brain to initiate tumors. Therefore, the site of origin of 

GSCs may not be the site of origin of GBMs [(Alcantara Llaguno et al., 2015)].             
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4. Role of tumor microenvironment in the origin and maintenance of de-

differentiated somatic GBM cells 

4.1 Perivascular niche  

Extensive neovasculogenesis and abnormal morphology of vasculature is a common 

characteristic of GBMs. GBMs exhibit various forms of neovascularization which allow 

supply of essential nutrients and oxygen to tumor cells [(Jhaveri, Chen, & Hofman, 

2016)].  

 The process of de novo formation of blood vessels in situ, termed as 

“Vasculogenesis” is thought to occur primarily during fetal development. However, 

recent research has shown that vessel formation can also result from circulating 

endothelial cells, tumor associated macrophages (TAMs), Tie-2+ monocytes and GSCs 

[(De Palma, Murdoch, Venneri, Naldini, & Lewis, 2007; J Folkman & Shing, 1992; 

Venneri et al., 2007)]. Angiogenesis, a process of stimulating the sprouting of new blood 

vessels from preexisting vasculature is a critical step in tumor development and 

migration. GBMs are often characterized as having significantly increased angiogenesis 

and studies have indicated GSCs to play an important role in this process [(Jhaveri et al., 

2016)]. GSCs have been shown to overexpress factors that promote blood vessel 

formation such as VEGF and SDF-1α and their knockdown has been shown to 

significantly affect vessel formation in tumors in vivo [(Folkins et al., 2009)]. 20%-90% 

of CD31+ endothelial cells were found to carry the same genetic mutations as tumor cells 

in human GBM samples (such as amplification of EGFR and chromosome 7) and GSCs 

cultured in endothelial cell culture conditions have been reported to transdifferentiate into 
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CD31+ and Tie-2+ endothelial cells [(Ricci-Vitiani et al., 2010)]. Studies also showed 

that co-implantation of GSCs and endothelial cells in immunocompromised mice resulted 

in accelerated initiation and growth of orthotopic GBMs due to endothelial derived 

factors [(J. M. Heddleston et al., 2011; Jhaveri et al., 2016)]. In addition, CD133+ GSC 

population has also been reported to contain a CD144+ (vascular endothelial-cadherin) 

cell population with the CD133+/CD144+ cell population showing an overexpression of 

pro-vasculogenesis markers such as CD31, CD105, CD 34 and VEGFR-2 [(Soda et al., 

2011; Rong Wang et al., 2010)]. In addition, circulating bone marrow derived cells have 

also been reported to be present within GBM vasculature but recent reports evaluating 

such transdifferentiating GSC or bone marrow derived cell populations have revealed that 

their presence within tumor vasculature is rare and might vary among tumors [(Hardee & 

Zagzag, 2012)]. GSCs have also been reported to transdifferentiate into pericytes but 

further investigation is needed to determine the role of such pericytes in tumor 

neovascularization [(L. Cheng et al., 2013)].  

 Nestin+/CD133+ stem-like cells within GBMs (GSCs) have been reported to 

reside in close proximity to capillary networks within niches in GBMs that resemble the 

neural stem cell niche. Endothelial and other vascular cells are thought to play a role in 

the maintainance of differentiation and proliferation of NSCs within the neural stem cell 

niche and the same is thought to occur in the case of GSCs. The dedifferentiation of 

GSCs into endothelial cells or the migration of endothelial cells that do not participate in 

the process of neovascularization towards GSCs could possibly serve as a mechanism to 

secrete factors to prevent maturation and proliferation of GSCs, which often impedes 

efficacy of radio- and chemo- therapies [(Calabrese et al., 2007; Fidoamore et al., 2016)]. 



 
 

17 
 

GBM cells have also been reported to infiltrate areas around brain vasculature and 

incorporate blood vessels into the tumor in a process termed as “Vascular Co-option”. 

These tumor incorporated blood vessels are thought to undergo apoptosis inducing a state 

of hypoxia within these regions which could possibly maintain GSCs and stimulate the 

secretion of pro-angiogenic factors [(Holash et al., 1999; Liebelt et al., 2016; Reiss, 

Machein, & Plate, 2005)]. 

   SDF-1 or CXCL12 maintains NSCs in their niche and regulates their 

trafficking and homing within the brain. SDF-1 is a ligand for CXCR7 and is the only 

ligand for CXCR4, which is secreted either as an autocrine or paracrine factor in several 

cancers including GBM. Apart from promoting cancer cell proliferation, invasion, 

angiogenesis and cancer stem cell maintainance, SDF-1 has been shown to recruit bone 

marrow derived cells (BMDCs) that promote neovascularization, such as CXCR4 

secreting endothelial precursor cells. GSCs express both CXCL12 and its receptors and 

endothelial cells within the brain have been reported to express CXCL12 to recruit GBM 

cells. The CXCR4/CXCL12 signaling axis is particularly high in pseudopalisading 

regions and invasive ends of GBM, indicating their importance in GSC maintainance and 

movement [(Doetsch, 2003; Sun et al., 2010)]. CXCL12 has also been reported to 

regulate tumor apoptosis by activating NF-κB, which reduces TNFα production. 

Radiation therapy, chemotherapy and treatment by VEGFR inhibitors activates 

CXCL12/CXCR4 pathway, resulting in the recruitment of myeloid BMDCs and 

promotion of angiogenesis and tumor invasion [(Duda et al., 2011; C. Y. Wang, Mayo, & 

Baldwin, 1996)]. 
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 Notch signaling pathway is yet another way in which the perivascular niche plays 

an important role in regulating differentiation state of GSCs. NOTCH1 silencing has been 

shown to interfere with the transdifferentiation of GSCs into endothelial cells and 

increased their sensitivity to radiation damage [(Fan et al., 2010; J. Wang et al., 2010)]. 

Nitric oxide (NO) has been shown to activate notch signaling pathway and maintains a 

stem-like phenotype in tumors. Along with NOTCH1 overexpression, GSCs also express 

NO receptor, sGC and are often found in close proximity to endothelial cells that express 

endothelial nitric oxide synthase (eNOS) [(Charles et al., 2010)].  

 Tumor cells have also been reported to form a matrix embedded network capable 

of conducting fluids within the tumor through a process termed as “Vascular Mimicry”. 

CD133+ GSCs have been reported to form tube networks in in vitro 3D matrigel 

experiments and GSCs have been reported to form tubular structures of vascular channels 

in tumors in vivo [(El Hallani et al., 2010)]. Knockdown of VEGFR-2 in GSCs resulted in 

the loss of the ability to form these tubular structures and hypoxia is thought to play an 

important role in this process by upregulating CD144 expression in GSCs through HIF-

1α and HIF-2α [(Mao et al., 2013; Yao et al., 2013)]. 

4.2 Hypoxic niche  

In healthy brain tissue, the normal physiological oxygen concentration ranges between 

12.5% and 2.5%. GBM tissue however shows regions of mild hypoxia (2.5%-0.5%) and 

severe hypoxia (0.5%-0.1%) [(Evans et al., 2004)]. It is hypothesized that the oxygen 

tension gradient within a tumor niche plays a vital role in differentiation of cells. The 

cells present in the periphery of tumor masses are thought to exhibit low proliferation 
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rate, low levels of HIF1α and increased angiogenesis. The cells present at the tumor core 

are thought to exist in near anoxic conditions with very low proliferation rates and high 

levels of HIF1α. Cells present in the intermediate region of tumors are thought to high 

proliferation rate, form neurospheres in hypoxic conditions and show increased levels of 

expression of VEGF, Glut1 and carbonic anhydrase IX (CAIX) [(F. Pistollato et al., 

2010)]. Therefore, the presence of intratumoral hypoxia promotes the existence of a pool 

of stem-like cancer cells at the core of the tumor which are often resistant to radio- and 

chemo- therapies.  

 The importance of hypoxia in maintaining the differentiation state and 

proliferation of normal stem cells within their niches and its mechanism is well 

established. Within the bone marrow, hematopoietic stem cells (HSCs) migrate to 

hypoxic niches where they are maintained in a state of quiescence by the hypoxia induced 

protein, osteopontin [(Stier et al., 2005)]. Severe hypoxia also prevents the differentiation 

of NSCs and embryonic stem cells without affecting their proliferation while also 

improving the generation of induced pluripotent stem cells (iPSCs) [(Mathieu et al., 

2014)]. 

 Neovascularization within GBM tissue often results in the formation of 

disorganized, chaotic and highly torturous blood vessels which are unable to effectively 

supply the entire tumor tissue with oxygen and nutrients. The lack of uniform 

oxygenation and the high proliferative rate of tumor cells results in the formation of 

regions of pseudopalisading necrosis that develop in order to protect the surrounding 

normal tissue from effects of hypoxia [(Brat et al., 2004)]. Hypoxia and the activation of 

hypoxia response genes are thought to play a vital role in GBM progression, 
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proliferation, aggressiveness and resistance to therapy. This was directly demonstrated in 

a recent multicenter trial that found hypoxia levels in GBM patients demonstrated by 18F-

FMISO PET/CT correlated with worse prognosis (Gerstner et al., 2016).  

 The effect of hypoxia on cells is mediated through intracellular family of proteins 

called hypoxia inducible factors (HIFs) which form transcriptional complexes consisting 

of HIF-β subunit (ARNT- aryl hydrocarbon nuclear translocator) which is constitutively 

expressed and oxygen regulated HIF-α subunits which belong to the basic helix-loop-

helix-Per-Arnt-Sims (PAS) family of transcriptional activators. HIF1α (ubiquitously 

expressed), HIF 2α and HIF3α (tissue specific expression) are the three mammalian HIF-

1 subunits. Even though the HIF-1α is highly transcribed and translated in normoxic 

conditions, it is rapidly hydroxylated on two conserved proline residues (P402 and P564) 

on the oxygen dependent degradation domain (ODD) by HIF specific prolyl hydroxylases 

PHD1, PHD2 and PHD3. Hydroxylated HIF-1α is then recognized by the von Hippel-

Lindau tumor suppressor (pVHL), a subunit of E3 ubiquitin ligase which ubiquitinates 

HIF-1α for degradation by 26S proteosome [(Nath & Szabo, 2012)]. 

 Under hypoxic conditions, the hydroxylation of ODD of HIF-1α and its 

subsequent recognition by pVHL is inhibited, resulting in the accumulation of HIF-1α 

protein within the cytoplasm. In such conditions, HIF-1α translocated into the nucleus 

and dimerizes with HIF-1β to form HIF-1α/β dimer complex. HIF-1α/β dimer binds to 

HIF response elements (HRE) which contain the core consensus sequence 5’RCGTG-3’ 

(R=purine residue) along with coactivators p300 and CBP. HREs are present within 

promoters, introns and 3’ enhanced regions of many stress response gene families which 

facilitate adaptations to hypoxic conditions such as angiogenesis, hematopoietic growth 
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factors, glucose transporters and glycolytic enzymes thereby affecting cell proliferation, 

survival and movement [(Nath & Szabo, 2012; G. L. Semenza, 2010; Gregg L. Semenza, 

2013)].    

 HIF-1α levels also increase due to metabolic and genetic changes within tumors 

such as increased production of H2O2 (which stabilizes HIF-1α). Increase in the levels of 

HIF-1α  in response to low oxygen pressure leads to reprogramming of tumor metabolism 

towards glycolysis, thereby increasing the expression of glucose uptake receptors, 

glycolytic enzymes, lactate productions and reducing conversion of pyruvate to acetyl 

coenzyme A. HIF-1α also increases the conversion of glucose to glycogen by activating 

expression of hexokinases (HK1 and HK2), glycogen synthase (GYS1), UDP- glucose 

pyrophosphorylase (UGP2), phosphoglucomutase 1 (PGM1), glycogen branching 

enzyme (GBE1) and PPP1R3C. PPP1R3C activates GYS1 and also inhibits expression of 

liver-type glycogen phosphorylase (PYGL) which breaks down glycogen. The reduced 

oxygen availability in GBM results in increased oxidative phosphorylation and causes 

increased ROS generation, which can lead to additional mutations. HIF-1α is increased 

through PI3K/AKT pathways upon downregulation of PTEN. Additionally, PTEN 

mutations and its altered degradation also increase HIF-1α levels within tumor cells 

[(Fidoamore et al., 2016; Nath & Szabo, 2012; G. L. Semenza, 2010; Gregg L. Semenza, 

2013)]. HIF-1α is also thought to be involved in increasing mutational rate in tumors by 

reducing levels of mismatch repair protein (mutS) and promoting glucose flux through a 

non-oxidative arm of the pentose phosphate pathway [(Zhong et al., 1999)]. HIF-1α also 

increases the expression of VEGF and VEGF receptors (FLT-1 and FLK-1), plasminogen 

activator inhibitor-1 (PAI-1), angiopoietins (Ang-1 and Ang-2) and matrix 
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metalloproteinases (MMP-2 and MMP-9) thereby promoting angiogenesis and invasion 

[(Mendez et al., 2010; Gregg L. Semenza, 2013)]. HIF-1α also reduced the sensitivity of 

GBM cells towards pro-differentiation and pro-apoptotic signals such as bone 

morphogenic proteins (BMPs) [(Persano et al., 2012; Francesca Pistollato et al., 2009)]. 

HIF-1α also activates the expression of multidrug resistance 1 (MDR1) gene which 

encodes for P-glycoprotein (P-gp), belonging to a family of ATP binding cassette (ABC) 

transporters which acts as a drug efflux pump, thereby reducing intracellular 

concentration of various chemotherapeutics [(Jianfang Chen et al., 2014; Chou et al., 

2012)]. HIF-1α also stabilizes NF-κB and contributes to suppressing hypoxia related 

apoptosis through expression of NF-κB target genes such as Bax, Bcl-2, Bcl-xL 

[(Gorlach & Bonello, 2008)].  

  Hypoxia has also been reported to induce expression of stem cell and GSC 

markers such as CD133, Oct4 and Sox2. Studies also report differentiation of CD133+ 

cell population upon exposure of GSCs to normoxic conditions, indicating that reduced 

levels of HIF-1α affect their differentiation state [(McCord et al., 2009)].  

HIF-1α and HIF-2α share 75% homology but have distinct functions within cells. HIF-2α 

is also regulated by PHD hydroxylation at the transcriptional level as opposed to HIF-1α 

which is only regulated at the translational level. Genes such as OCT4, Nanog, Sox2, 

Serpin B9, and TGF-α are specifically regulated by HIF-2α.  Recent studies have shown 

that HIF-2α is preferentially expressed in GSCs and knockdown of HIF-2α reduces self-

renewal of GSCs indicating an important role for HIF-2α in maintaining the stem-like 

differentiation state of GSCs. Studies have also reported that the expression of HIF-2α in 

non-stem GBM cells induce expression of stem cell markers such as Oct4, myc and 
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Nanog and neurosphere formation. Expression of non-degradable HIF-2α also increases 

tumorigenic potential of non-stem GBM cells in vivo and increases ratio of GSCs to non-

stem GBM cells [(John M. Heddleston et al., 2009; Z. Li et al., 2009)]. Future studies 

into the specific role of HIFs in the maintainance and self-renewal of GSCs and their 

effect on the GSC microenvironment such as promoting angiogenesis and invasion could 

help us better understand the GSC biology and lead to identification of better targets 

within GSC microenvironment.  

 4.3 ECM and paracrine factors 

The components of the extracellular matrix that form a complex of macromolecules 

within the tumor cell niche are essential for the survival and migration of GBM cells. 

Remodeling of ECM to facilitate processes such as angiogenesis and pro-survival signals 

through integrin mediated signaling cascades promotes GBM growth and progression. 

Overexpression of basement membrane protein laminin 8 and its cellular receptor 

integrin α6β1 in GBM cells has been reported to promote tumor progression [(P. Huang 

et al., 2012)]. Laminin is also a critical component in adherent GSC cultures, upon which 

GSCs tend to form tumorspheres. Heparin sulphate binds to basic Fibroblast Growth 

Factor (bFGF) and stimulates GBM cell growth and prevents radiation induced cell death 

[(Shideng Bao et al., 2006; J. Folkman et al., 1988)]. Binding of GBM cells to ECM 

components allows for intracellular signal transduction through formation of multimeric 

complexes termed focal adhesions with other proteins such as focal adhesion kinase 

(FAK) [(Fidoamore et al., 2016; Gilmore & Romer, 1996)].  
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 Integrin play a vital role in the interactions of GBM cells with components of the 

ECM and vascular cells such as endothelial cells and pericytes. Integrin α6 is highly 

expressed in NSCs where it heterodimerizes with integrinβ1 and integrin β4 and binds to 

ECM protein laminin. Through its binding to laminin, integrin α6β1 regulates self-

renewal and differentiation by favoring adhesion to ventricular zone [(Fortunel et al., 

2003)]. GBM cells that overexpress integrin α6 were reported to show self-renewal and 

ability to differentiate into CNS lineage indicating that integrin α6 expression confers 

stem-like cellular state [(J. D. Lathia et al., 2010)]. Integrin β1 plays an important role in 

perivascular niche where it promotes GBM invasion and functions together with CXCR4 

to regulate critical stem cell pathways such as SHH, Wnt, and Notch. Integrin α3 is 

overexpressed on invasive GBM and on GBM cells in close proximity to endothelial cells 

and is thought to regulate invasiveness of GSCs through ERK1/2 pathway [(Nakada et 

al., 2013)].  Overexpression of integrin αvβ5 and integrin αvβ3 is associated with 

heightened invasiveness of GBMs and overexpression of integrin αvβ8 is associated with 

a more infiltrative phenotype in GBMs. Paracrine factors such as TGF-β1 and TGF-β2 

are associated with an increase in the integrins αvβ3, αvβ5 and αvβ8 and thus result in 

aggressive GBMs [(Fidoamore et al., 2016)]. Interaction of vitronectin (VN) with 

integrins αvβ3 and αvβ5 has been reported to enhance expression of Bcl-2 and Bcl-XL 

and confer chemoresistance at invasive ends of GBM. Overexpression of integrins αvβ3, 

αvβ5 and β1 along with an increase in synthesis of basement membrane components such 

as fibronectin and matrigel have been reported to confer radio-resistence to GBM cells 

[(Uhm, Dooley, Kyritsis, Rao, & Gladson, 1999)]. 
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 Cadherins stimulate intracellular signaling upon intercellular adhesion between 

GBM cells and regulators of their cell fate such as cdc42, protein kinase C (PKC), β-

catenin and Numb. N-cadherin plays a vital role in the NSC niche where it maintains the 

stem cell differentiation state while overexpression of E-cadherin in GBM samples is 

associated with poor patient outcomes. E-cadherin expressing CD133+ GSCs have also 

been reported to transdifferentiate into endothelial cells. Cadherin 11 plays a vital role by 

enhancing migration of GBM cells in tumors. Expression of cadherins is regulated by 

interleukin 8 (IL-8) and transcriptional activators such as FoxP2, FoxP4, Twist and Snail 

[(Brooks, Sengupta, Snyder, & Rubin, 2013; Fidoamore et al., 2016)].  Tenascin C 

has been reported to be highly expressed after radiation therapy in GBMs and its 

expression is correlated with poor patient survival as it promotes tumor cell growth and 

preserves differentiation state of GSCs [(Leins et al., 2003; Mannino & Chalmers, 2011)].  

5. Future Directions 

Standard forms of therapy have been ineffective in significantly increasing the overall 

survival of GBM patients and the failures of these therapies have been pinned on the 

highly heterogeneous nature of GBMs. As summarized above, a wide variety of studies 

that have investigated the existence of a stem-like GBM population within tumors and 

their resistance to chemo- and radiation therapy. The expansion and re-establishment of 

aggressive GBMs post therapy by these stem-like cells is thought to be one of the major 

reasons for disease recurrence which is a major cause of GBM patient mortality. It is 

therefore imperative to design therapeutics which can effectively target GSCs which exist 

within hypoxic regions and invasive ends of GBMs.  
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Fig. 7.2 Summary of interactions between GSCs and components of their 

microenvironment. GSC glioblastoma stem cells; TAC transiently amplifying 

cells; TDC terminally differentiated cells; NSC neural stem cells; NPC neural progenitor 

cells; ChAT choline acetyltransferase; TAM tumor associated macrophages; ECM extracellular 

matrix; VEGFvascular endothelial growth factor; SDF-1 stromal derived factor-

1; O 2 oxygen; HIFhypoxia inducible factor 

 

 As mentioned above, recent reports have brought to light the gaps in knowledge 

regarding cellular plasticity and the role played by the GBM microenvironment. Studies 

have shown that non-stem GBM cells de-differentiate into GSCs along with 

transdifferentiation of GSCs into cells of the perivascular niche. Therapies designed to 

target GSC specific biomarkers and angiogenic blood vessels might therefore prove to be 

ineffective in future. The recent development of transgenic models which can 

recapitulate, to a certain extent, the heterogenous nature of GBMs could allow for the 



 
 

27 
 

better identification of microenvironmental components which have a relevant impact on 

GSC proliferation and survival. Knowledge about the interactions between GSCs and 

their microenvironment, cellular plasticity within GBMs and the cellular signaling 

cascades that maintain stemness of GSCs would allow for the targeting of multiple 

critical events within tumors. Delivering GSC targeted lethal therapeutics using 

genetically engineered cellular components of GSC microenvironment could potentially 

reduce disease recurrence [(Alexander Birbrair et al., 2016)].    

Investigations of the biology of GSCs and how they become resistant to therapy 

can also extend to greater understanding of the role of the microenvironment in their 

maintenance and survival. It is therefore essential to appreciate the highly integrated 

nature of the GSC niche consisting of various cell populations with regards to their 

cellular functions and identity.  
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The aim of this chapter is to radiolabel NOTA conjugated Pep-1L to copper-64 and to 

evaluate the specificity of systemically administered [64Cu]Pep-1L to IL13RA2 

expressing, peripherally established tumors. Using microPET/CT imaging and post-

microPET biodistribution analysis, we later validate [64Cu]Pep-1L as a potential PET 

imaging agent for GBM patients and understand the pharmacokinetics of the IL13RA2 

specific peptide, which informed our later efforts (Chapter 3) to deliver a cytotoxic 

therapy using Pep-1L. 
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ABSTRACT 

Peptides that target cancer cell surface receptors are promising platforms to deliver 

diagnostic and therapeutic payloads specifically to cancer but not normal tissue. 

IL13RA2 is a tumor-restricted receptor found to be present in several aggressive 

malignancies, including in the vast majority of high-grade gliomas and malignant 

melanoma. This receptor has been successfully targeted for diagnostic and therapeutic 

purposes using modified IL-13 ligand and more recently using a specific peptide, Pep-1L. 

In the current work, we establish the in vitro and in vivo tumor binding properties of 

radiolabeled Pep-1L, designed for tumor imaging. We radiolabeled Pep-1L with Copper-

64 and demonstrated specific cell uptake in the IL13RA2-over expressing G48 

glioblastoma cell line having abundant IL13RA2 expression. [64Cu]Pep-1L binding was 

blocked by unlabeled ligand, demonstrating specificity. To demonstrate in vivo tumor 

uptake, we intravenously injected into tumor-bearing mice and demonstrated that 

[64Cu]Pep-1L specifically bound tumors at 24 hours, which was significantly blocked (3-

fold) by pre-injecting unlabeled peptide. To further demonstrate specificity of Pep-1L 

towards IL13RA2 in vivo, we exploited an IL13RA2-inducible melanoma tumor model 

that does not express receptor at baseline but expresses abundant receptor after treatment 

with doxycycline. We injected [64Cu]Pep-1L into mice bearing IL13RA2-inducible 

melanoma tumors and performed in vivo PET/CT and post-necropsy biodistribution 

studies and found that tumors that were induced to express IL13RA2 receptor by 

doxycycline pretreatment bound radiolabeled Pep-1L 3-4 fold greater than uninduced 

tumors, demonstrating receptor specificity. This work demonstrates that [64Cu]Pep-1L 
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selectively binds hIL13RA2-expressing tumors and validates Pep-1L as an effective 

platform to deliver diagnostics and therapeutics to IL13RA2-expressing cancers. 

INTRODUCTION 

Peptides that target cancer cell surface receptors are a promising platform to deliver 

diagnostics and therapeutics specifically to transformed but not normal tissue [1, 2]. 

PET/CT imaging using radiolabeled peptides can serve not only as a diagnostic test in 

itself [3] but also to stratify patients who express the particular biomarkers targeted by 

molecular therapies [4]. Examples of this PET-based stratification strategy were 

demonstrated to a priori predict response to common biomarker targeted therapies, 

including the estrogen receptor in breast cancer [4, 5]. Furthermore, PET-based imaging 

can expedite clinical development of targeted therapeutic strategies by demonstrating in 

vivo ligand targeting, biodistribution and kinetics [6]. 

The goal of this work was to utilize PET/CT to demonstrate the feasibility of 

using a peptide-based targeted approach to image interleukin-13 receptor α2 (IL13RA2) 

expression in vivo for the purpose of translating this promising platform to deliver 

diagnostic and therapeutic payloads. We previously identified IL13RA2 as an attractive 

molecular target that is highly overexpressed in glioblastoma (GBM) but not in normal 

brain [7-14]. GBM is the most common primary brain cancer and is defined by high 

morbidity and almost inevitable mortality [15, 16]. The median survival is less than 17 

month with 5-y survival rate of <10%. Many research studies are currently being carried 

out to improve the diagnostic and therapeutic strategies for GBM [16-18]. One such 

strategy is to develop GBM specific biomolecular agents that target IL13RA2 and are 
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used as potential diagnostic markers, imaging tracers and drug candidates [19-21]. In 

addition to brain cancer, IL13RA2 has also been reported to be highly expressed in other 

deadly malignancies, including melanoma, head and neck, ovarian and pancreatic cancers 

[22-24]. We and others have designed and developed a number of molecular targeted 

therapies based on IL13 and its derivatives that have shown their efficacy in preclinical 

models of various cancers [13, 19, 20, 25-29]. In fact, our targeted IL13-based agents 

were recently used as targeting ligand in chimeric antigen receptor (CAR)-engineered T 

cells that are in clinical trials [30]. Early results from this trial have reported safe and 

even remarkable results, including a case of a GBM patient experiencing regression of all 

intracranial and spinal tumors [30]. As this and other types of therapies are implemented 

against IL13RA2 in peripheral cancers that widely express IL13RA2, it is critical to 

develop a molecular imaging technique to confirm uniform biomarker expression for 

patient stratification. Furthermore, such a ligand can be used as a platform to deliver 

therapeutic radiation and targeted chemotherapy. Peptide-based approaches offer an 

advantage due to their small size and fast clearance, which has been shown to potentially 

increase the tumor-to-background ratio [31]. Furthermore, the ease of producing cGMP 

grade peptides is significantly easier than manufacturing properly folded targeted IL13 

derivatives. Therefore, the focus of this study is to radiolabel Pep-1L, a novel peptide 

isolated from a hepta-peptide library that specifically binds to IL13RA2 [7, 32, 33] and 

determine its in vitro and in vivo tumor binding properties [34]. For peptide-based 

delivery platforms, Copper 64 (Cu-64) has become an attractive radionuclide in the 

development of a wide range of radiopharmaceuticals for PET due to its β+ emission, 

high specific activity, and half-life of 12 hours, which matches the kinetics of peptides 
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[35]. Cu-64 easily binds to peptides through standard chelators [35, 36]. Therefore, to 

validate Pep-1L as an in vivo IL13RA2 targeting platform, we utilized PET/CT molecular 

imaging to visualize real-time Cu-64 labeled Pep-1L binding to a standard IL13RA2-

expressing tumor. Furthermore, we produced a novel inducible human (h) IL13RA2-

expressing melanoma tumor model to demonstrate specificity of Pep-1L to IL13RA2. 

RESULTS 

Radiolabeling Pep-1L with Cu-64 

Extensive past studies involving radiolabeled peptides have demonstrated that 1,4,7-

triazacyclononane-1,4,7-triacetic acid (NOTA) is an optimal way to radiolabel peptides. 

It forms a 6-coordinate prismatic complex with Cu(II) by coordinating the lone pairs of 

the three nitrogen atoms and the three carboxylate groups of the chelator [35-38]. 

Therefore, we utilized NOTA conjugated Pep-1L to radiolabel with Cu-64 using standard 

methodologies. NOTA conjugated Pep-1L was radiolabeled with Cu-64 in 0.1M 

NH4OAc buffer (pH 5.5) with > 98% radiochemical purity at 75°C for 1 h (n=15) (Figure 

1). The Rf of the final radiolabeled product was ~0.13 while the unreacted Cu-64 was 

~0.95 on iTLC strips with 5mM EDTA solution as mobile phase. The radiolabeling of 

Pep-1L with Cu-64 was tested over a wide range of aqueous buffer solutions with pH 

ranging from 4.0 to 7.5 and the highest radiochemical purity was achieved at pH 5.5. The 

radiolabeled peptide [64Cu]Pep-1L was used without any additional purification for 

both in vitro and in vivo studies. 
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Figure 1: RadioTLC analysis of [64Cu]Pep-1L. Analysis demonstrates 98.15% radiochemical 

purity (5 mM EDTA solution as mobile phase on an iTLC plate). 

 

Serum stability of [64Cu]Pep-1L 

The in vitro serum stability of the radiotracer [64Cu]Pep-1L in human serum was 

performed at different time points and was analyzed through radioTLC spotting (Figure 

2). At 24 h post synthesis of [64Cu]Pep-1L, ~90% of the radioactive tracer remained 

intact. This data indicates that [64Cu]Pep-1L has good serum stability and suitable for in 

vivo use. 
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Figure 2: In vitro serum stability of [64Cu]Pep-1L. Reverse-phase C18 radio-TLC analysis of 

[64Cu]Pep-1L over a 24 hour period post production. 

 

In vitro cell uptake of [64Cu]Pep-1L in IL13RA2-expressing tumor cells 

An in vitro cell uptake assay was performed on G48 human glioblastoma cells with and 

without unlabeled Pep-1L as blocking agent to demonstrate the specificity and binding 

efficiency of [64Cu]Pep-1L. Previously, we reported that this cell line contains about 

4,000,000 IL13RA2 binding sites [13, 20, 26, 33]. [64Cu]Pep-1L bound these IL13RA2-

expressing cells, which was significantly inhibited by binding site blockade with 

unlabeled Pep-1L (Figure 3). These in vitro uptake data demonstrate binding and 

specificity of [64Cu]Pep-1L towards IL-13RA2-expressing cancer cells. 
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Figure 3: Cell uptake of [64Cu]Pep-1L. Uptake of [64Cu]Pep-1L in IL13RA2-expressing G48 

cells after 1, 3, and 4 h of exposure. Receptor blockade experiments were performed to 

demonstrate specificity by exposing cells to 50x excess unlabeled peptide, 15 min prior to adding 

radiolabeled peptide to saturate binding sites. The data were expressed as % injected dose 

(ID)/mg of protein present in each well with p values ≤ .005 considered statistically significant 

(n=6). 

 

Biodistribution studies in mice bearing human IL13RA2-expressing xenografts 

Biodistribution studies with [64Cu]Pep-1L were performed in mice bearing IL13RA2-

expressing G48 tumors (n=4) to confirm in vivobinding. [64Cu]Pep-1L displayed rapid 

clearance from most of the major organs from 4 h to 24 h post injection. However, tumor 

uptake steadily increased from 4 h to 24 h (Figure 4A) with %ID/g of 1.38±0.09 (4 h) and 

2.43 ± 0.63 (24 h). The uptake ratios for target to non-target (tumor: muscle) increased 

from 3.7 to 6.0 from 4 h to 24 h (Figure 4B). Importantly, the tumor uptake was 

significantly blocked (5-fold) in mice pretreated with unlabeled peptide (n=4) after 24 h 

post injection i.e., %ID/g = 2.43±0.626 in the nonblockade group Vs. 0.49 ± 0.128 in the 

blockade group, demonstrating radiotracer specificity (Table 1). 
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Figure 4: In vivo properties of [64Cu]Pep-1L (A) biodistribution and (B) tumor-to-muscle (target: 

nontarget) ratio of [64Cu]Pep-1L in mice bearing IL13RA2-expressing tumor xenografts 4h and 

24h post injection (n=4) with p values ≤ .05 considered statistically significant. 
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Table 1: Biodistribution of [64Cu]Pep-1L in tumor bearing mice: non-blockade and blockade 24 

h post injection with p values ≤ .05 considered statistically significant (n=4) 

Organs 

24 h non-blockade 

(%ID/g ± SD) 

24 h blockade 

(%ID/g ± SD) 

Heart 1.21 ± 1.012 1.86 ± 1.012 

Blood 0.62 ± 0.579 1.04 ± 0.793 

Lung 3.58 ± 1.078 3.41 ± 0.781 

Liver 9.86 ± 1.593 6.59 ± 0.395 

Kidney 17.45 ± 1.412 9.75 ± 2.140 

Tumor 2.43 ± 0.626 0.49 ± 0.128 

Muscle 0.41 ± 0.038 0.345 ± 0.164 

 

[64Cu]Pep-1L specifically binds doxycycline induced B16F10-Tet-hIL13RA2 

tumors in vivo 

To further confirm the in vivo specificity of [64Cu]Pep-1L to IL13RA2, we created a 

novel IL13RA2-inducible cell line. B16F10 murine melanoma cells, which do not 

endogenously express IL13RA2, were transfected with a tetracycline inducible plasmid 

expressing both mCherry and hIL13RA2 (Figure 5A). Upon induction with doxycycline, 

mCherry fluorescence (610 nm) was observed in vitro, confirming successful transfection 

and induction of reporter gene (Figure 5B). Single colonies were generated by serially 
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http://www.impactjournals.com/oncotarget/index.php?journal=oncotarget&page=article&op=view&path%5B%5D=16549&path%5B%5D=52928#F5


 
 

57 
 

diluting cell suspensions of B16F10-Tet-hIL13RA2 cells and a high IL13RA2-expressing 

doxycycline inducible clone was selected for further studies. Importantly, we observed a 

proportional increase hIL13RA2 expression with increasing concentrations of 

doxycycline (Figure 5C). 

 

Figure 5: Characterization of inducible hIL13RA2 expressing cells. (A) Scheme of inducible 

hIL13RA2 expressing plasmid. The receptor sequence was cloned into the pTRE3G vector that 

contains a tetracycline inducible promoter (TRE3G), which drives expression of the mCherry 

fluorescent reporter and hIL13RA2 (B) Induced mCherry fluorescence tag visualized under a 

fluorescent microscope. mCherry fluorescence is seen only in doxycycline induced clone 18 

B16F10 cells in vitro. Non-induced clone 18 B16F10 cells show lack of mCherry fluorescence. 

Doxycycline activated production of hIL13RA2 protein in B16F10 clone 18 cell 

line. (C) Western blotting using antibody for hIL13RA2 shows proportionally increasing levels of 

hIL13RA2 as concentration of doxycycline increases. 
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To demonstrate in vivo receptor specificity of [64Cu]Pep-1L, hIL13RA2-induced 

B16 tumors were generated by injecting mice flanks with B16F10-Tet-hIL13RA2 cells. 7 

days after tumor cell implantations, mice were divided into induced and uninduced 

(control) groups (n=4/group). To induce hIL13RA2 expression, doxycycline was 

administered intraperitoneally (2.5 mg/mouse) every 12 hours for 2 days [39, 40]. After 

IL13RA2-induction, [64Cu]Pep-1L was intravenously injected to mice bearing induced or 

control (uninduced) subcutaneous tumors and microPET/CT imaging was performed 4 h 

post intravenous injection. ROI analysis of micro PET/CT imaging data showed that 

[64Cu]Pep-1L accumulation was ~3-fold greater in doxycycline-induced B16F10-Tet-

hIL13RA2 tumor bearing mice compared to non-induced ones (Figure 6A) demonstrating 

specificity of [64Cu]Pep-1L to IL13RA2 expressing tumors. These results were 

corroborated in the post-PET biodistribution studies that demonstrated significant tumor 

uptake in the hIL13RA2-induced tumors compared to the non-induced controls (Figure 

6B and 6C). [64Cu]Pep-1L demonstrated ~4.0 fold greater accumulation in the tumor of 

doxycycline-induced tumor bearing mice (%ID/g = 14.09 ± 0.246) compared to non-

induced tumor bearing mice (%ID/g = 4.179 ± 0.007) (Figure 6B). Other notable findings 

were that there was radiotracer accumulation in liver and kidney in both induced and 

control animals, which are primary organs for peptide clearance. These biodistribution 

results were consistent with the microPET imaging data and confirmed in vivo targeting 

of Pep-1L. 
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Figure 6: PET/CT of [64Cu]Pep-1L targeting IL13RA2 expressing tumors. Representative 

axial fused microPET/CT images obtained after injection of [64Cu]Pep-1L in a novel doxycycline 

inducible IL3RA2 tumor model. (A) PET/CT of IL13RA2-induced and uninduced tumor-bearing 

mice at 4 h post injection. (B) Post-PET biodistribution analysis shows [64Cu]Pep-1L specifically 

accumulates in hIL13RA2 expressing induced B16F10 tumors with absolute values in %ID/g 

with with p values ≤ .05 considered statistically significant (n=4) and (C) tumor/muscle ratios of 

[64Cu]Pep-1L accumulation in hIL13RA2-expressing B16F10 tumors compared to uninduced 

control tumors. 
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DISCUSSION 

The ability to target a specific receptor that is highly expressed on the surface of cancer 

cells creates the opportunity to use targeted peptides as highly selective platforms to 

deliver diagnostic and therapeutic payloads to cancer [31]. Therefore, in this work we 

used translational PET imaging to demonstrate the in vivo targeting of Pep-1L, a peptide 

reported to target IL13RA2 [7], an attractive tumor-associated biomarker that we and 

others have demonstrated to be present on a number of deadly malignancies, including 

GBM and melanoma [13, 41, 42]. 

Pep-1L was conjugated with NOTA, a chelator that can form a six-coordinate 

complex with Cu-64 that results in a high stability constant (log K=21.6) by CPC 

scientific Inc. [34]. This is more stable that than other commonly used chelators, such as 

TETA or DOTA [43]. The Cu-64 radiolabeling conditions for Pep-1L were well 

optimized in this work for high radiochemical purity of >98%, without any need for 

additional purification methodologies with a specific activity of 32-35 MBq/μg (Figure 

1). Importantly, [64Cu]Pep-1L demonstrated in vitro serum stability (~90% intact for 24 

h), demonstrating translational significance (Figure 2). 

To demonstrate in vitro cell uptake, we performed binding studies on the G48 

GBM cell line that we previously established to express 4,000,000 IL13RA2 binding 

sites. These studies demonstrated high tumor cell uptake, which was significantly 

blocked by unlabeled Pep-1L, showing specificity (Figure 3). Importantly, uptake was 

maintained over time and was still present in high levels at 4 h, which is expected due to 

known internalization properties of Pep-1L, indicating the suitability of this peptide as a 
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carrier of potential therapeutics. We initially confirmed [64Cu]Pep-1L’s tumor binding 

properties in vivo in mice bearing IL13RA2-expressing G48 tumors (Figure 4) and found 

specific binding at 24 hours, which was blocked (3-fold blockade) by pre-injecting 

unlabeled peptide (Table 1). There was minimal (%ID/g ~0.013 ± 0.005 at 4 h and ~ 

0.009 ± 0.003 at 24 h) or no radiotracer uptake in the brain at these delayed times, 

indicating no peptide residence or binding. However, further studies are currently being 

performed to evaluate dynamic uptake in normal brain as well as in brains containing 

orthotopic tumors. To further validate the specificity of [64Cu]Pep-1L in vivo, we 

produced a novel inducible hIL13RA2 expressing murine melanoma cell line that we 

demonstrated expresses IL13RA2 only after induction with doxycycline (Figure 5). 

Importantly, doxycycline-induced B16F10-Tet-IL13RA2 subcutaneous tumors 

demonstrated significantly more [64Cu]Pep-1L uptake on PET/CT imaging compared to 

uninduced controls (Figure 6). These results were confirmed on Post-PET biodistribution 

analysis (Figure 6) and further validate the specific binding of [64Cu]Pep-1L to IL13RA2. 

Receptor targeted platforms like Pep-1L are increasingly being used to target 

chemotherapies and radiation to cancer [44, 45]. IL13RA2 is especially attractive due to 

its ubiquitous expression on GBM, melanoma and other cancers. Furthermore, IL13RA2 

has been shown to be internalized together with its ligand and attached payload [7, 46]. 

This property of Pep-1L was initially described by Pandya et al [33] but confirmed in our 

current study, as we saw a continued increase in [64Cu]Pep-1L uptake from 1 to 4 hours. 

In addition to demonstrating tumor targeting and therapeutic potential of Pep-1L, we also 

developed a translational companion diagnostic that can be used to demonstrate real-time 

IL13RA2 expression in tumors. Knowing each tumor’s IL13RA2 expression profile can 
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help personalize IL13RA2-targeted therapies to patients that have tumors that express 

significant amounts of IL13RA2. 

CONCLUSION 

This work demonstrates that [64Cu]Pep-1L selectively binds hIL13RA2-expressing 

tumors and validates Pep-1L as an effective platform to deliver diagnostics and 

therapeutics to IL13RA2-expressing cancers. 

MATERIALS AND METHODS 

Chelators and chemicals 

The sequence of the Pep-1L peptide was as follows: H-Ala-Cys-GlyGlu-Met-Gly-Trp-

Val-Arg-Cys-Gly-Gly-Gly-Ser-LCLys-Lys(biotin)-NH2. Pep-1L conjugated to NOTA 

was purchased from CPC scientific ltd, Sunnyvale, CA. All reagents were purchased 

from Sigma-Aldrich, St. Louis, MO and were used without additional purification. 

Reversed phase TLC plates were purchased from Whatman Inc, Florham Park, NJ. 

Radiolabeling procedure 

Copper-64 (64Cu: t1/2=12.7 h) was purchased from Washington University in St. Louis. 

The custom Peptide-NOTA was conjugated by CPC scientific Inc. Custom Peptide-

NOTA was radiolabeled with 64Cu according to the previously reported methods 

[35, 36, 38, 47]. Briefly, 20 μg of NOTA-Peptide was dissolved in 0.1 M 

ammoniumacetate (NH4OAc) aqueous buffer solution pH 5.5. 64CuCl2 was converted 

to 64Cu(OAc)2 (
64Cu-acetate) by dissolving in 100 μL of 0.1 M NH4OAc pH 5.5. The 

resultant 64Cu(OAc)2 was then added to the conjugated NOTA-Peptide aliquot in an 
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Eppendorf tube and heated at 75°C for 1h. Radiochemical purity was determined by 

radio-TLC (MK-C18 reversed phased TLC plates). Around ~1 μL of the reaction mixture 

was applied on the C18-reversed phase TLC plate and developed with 10% NH4OAc: 

MeOH (30:70) as the mobile phase. After the completion of reaction (through TLC 

analysis), the reaction mixture was quenched with 5mM EDTA aqueous solution and 

stirred for an additional 15 min at 30°C. The final product was passed through 0.22 μm 

filter and re-analyzed by iTLC strips with 5mM EDTA solution as mobile phase. The 

TLC plates were scanned on a BioScan Imaging Scanner. 

Serum stability 

The in vitro serum stability of [64Cu]Pep-1L was performed using human serum (Sigma 

Aldrich) following previously published methods [38, 48]. Approximately 0.037 MBq/10 

μL of [64Cu]Pep-1L was added to the serum vial, to a final volume of 100 μL and 

incubated at 37°C [35]. 1 μL of the sample mixture was removed and spotted on a reverse 

C18-TLC plate at 1 h, 2 h, 4 h, 18 h and 24 h after the radiotracer synthesis and the 

percentage of bound Cu-64 was determined through radioTLC analysis as mentioned 

above [48]. 

Cell culture 

Human glioblastoma cell line G48 and murine melanoma cell line (ATCC) B16F10 were 

cultured in DMEM (Gibco) base media supplemented with 10% (v/v) Fetal Bovine 

Serum (Invitrogen) and 1% Anti-anti (Gibco). Following washing, cells were spun down, 

resuspended in growth media and counted using a hemocytometer. 
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In vitro cell uptake assay 

The in vitro reactivity, binding affinity and specificity for [64Cu]Pep-1L were determined 

using human GBM cell line G48, following previously reported methods [34, 38, 49]. 1 x 

105 cells were then seeded into each well of a 6-well culture. G48 cells were incubated 

overnight at 37°C with 5% CO2 in an incubator. On the day of the assay, fresh solution of 

peptide was made at a concentration of 5 μM in the respective cell media and was used as 

the blocker solution. The blocker solution was added 15 min prior to addition of 

radiotracer. G48 cells were incubated with [64Cu]Pep-1L (0.0185 MBq/well) for 1h, 3h 

and 4h (n=3) at 37°C. The cell uptake assays were initiated by rinsing the cells with 2 × 2 

mL of the phosphate buffer at room temperature. Uptake was allowed to proceed for 

selected time periods and then terminated by rinsing the cell wells with 1 mL of the ice-

cold buffer solution. Residual fluid was removed by pipette, and 200 μL of 0.1% aqueous 

sodium dodecylsulfate lysis buffer solution was added to each well. The plate was then 

agitated at room temperature and 1 mL of the lysate was taken from each well for gamma 

counting [49]. The radioactivity was counted using the Wallac 1480 Wizard gamma 

counter (Perkin Elmer, Turku, Finland). Additional 20 μL aliquots were taken in triplicate 

from each well for protein concentration determination using the Pierce bicinchoninic 

acid protein assay kit method (Rockford, IL). 

The uptake data in each sample from each well and the standard counts for each 

condition were expressed as counts per minute (cpm) of activity and were decay 

corrected for elapsed time. The cpm values of each well were normalized to the amount 

of radioactivity added to each well and the protein concentration in the well and 
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expressed as percent uptake relative to the control condition. The data were expressed as 

%ID/mg of protein present in each well with p values ≤ 0.005 considered statistically 

significant. 

Biodistribution studies in tumor bearing mice 

Athymic nude mice (Taconic Farms) were housed in a pathogen-free facility of the 

Animal Research Program at Wake Forest School of Medicine under a 12:12-h light/dark 

cycle and fed ad libitum. All animal experiments were conducted under IACUC approved 

protocols in compliance with the guidelines for the care and use of research animals 

established by Wake Forest Medical School Animal Studies Committee. IL13RA2-

expressing G48 tumors cells (1 x 105 cells suspended in 10 μL) were implanted in the left 

flank of nude mice (25-30 g) as described previously [10, 13]. The presence of viable 

tumors was confirmed through bioluminescence imaging. Standard biodistribution 

studies were performed in the same nude mice with flank tumors (n=4) at 10-15 days 

after tumor implantation. Mice were anesthetized with 1% isoflurane-oxygen and 

approximately 3.7- 4.6 MBq of [64Cu]Pep-1L was administered via tail vein injection. To 

demonstrate specific binding, blocking experiments were performed on the mice from the 

24 h time point group (n=4/group). Peptide concentration of 15 mg/kg was used as the 

blocking agent and was intravenously injected via tail vein 15 min prior to the 

radiotracer. The tumor and organs of interest were dissected and gamma counted using 

Wallac 1480 Wizard gamma counter (Perkin Elmer, Turku, Finland). The concentration 

of the radioactivity in the tumor and organs were expressed in percentage injected dose 

per gram (%ID/g) of radioactivity with p values ≤ .05 considered statistically significant 

and uptake ratio of tumor-to-muscle was calculated. 
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Generation and analysis of IL13RA2-inducible B16F10 melanoma tumors 

To create the inducible system, B16F10 melanoma cells were stably transfected with 

pCMV-Tet3G (Clontech), which encodes for the advanced Tet-On 3G transactivator 

element under constitutive CMV expression using standard cloning methods [50]. Cells 

were then stably transfected with the pTRE3G-mCherry-IRES-IL13RA2 plasmid, which 

encodes proportional expression of mCherry (bottom) and human IL13RA2 under the 

Tet-On promoter. Single colonies were isolated using serial dilution in 96 well plates and 

clones were analyzed for IL13RA2 expression via Western blot using methods we 

previously described [50]. For analysis of RFP expression, an inverted motorized 

fluorescent microscope (Olympus IX81) with an Orca-R2 Hamamatsu CCD camera 

(Hamamatsu) and a laser scanning confocal microscope (Olympus FluoView1200) were 

used for image acquisition. Camera drive and acquisition were performed using a 

MetaMorph Imaging System (Olympus) and FluoView 4.2 software were used for image 

acquisition. 

Subcutaneous implantation of B16F10 cell line 

B16F10 murine melanoma cell line was cultured in DMEM base media. Cells were 

harvested using trypsin-EDTA (Gibco) after removing DMEM media from flasks and 

washing residual with DPBS (Lonza). Cell number was calculated using a 

hemocytometer and required number of B16F10 cells was suspended in DMEM media. 

The cell suspension was then mixed with growth factor reduced matrigel (Corning) in a 

1:1 ratio and placed on ice. Athymic nude mice were anesthetized using isoflurane and 

injected with 1 million cells (in matrigel) subcutaneously near the left shoulder using 28G 
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insulin syringes while being placed on a heating pad. Mice were then earmarked for 

identification and placed back in their cages. 

Doxycycline administration for IL13RA2-induction in mice bearing subcutaneous 

B16F10-Tet-hIL13RA2 tumors 

Tumor bearing athymic nude mice were grouped into two groups (n=4). Two days prior 

the radiotracer injection and PET study, doxycycline (2.5 mg/mouse) was administered 

intraperitoneally to one group of mice (n=4) every 12 h. 

PET/CT and post-necropsy biodistribution studies in mice bearing subcutaneous 

B16F10-Tet-IL13RA2 tumors 

Mice bearing subcutaneous tumors were grouped into two groups (n=4) and placed in an 

induction chamber containing ~2% isoflurane/oxygen then secured to a custom double 

bed for placement of tail vein catheters. Anesthesia was maintained via nose-cone at ~1% 

isoflurane/oxygen for the dynamic imaging procedure. The mice were injected with 4.62-

5.5 MBq [64Cu]Pep-1L and scanned for 20 min using TriFoil PET/CT scanner 4 h post 

injection. The regions of interest (ROIs) were generated for both dox-treated and non-

induced mice from manually drawn regions of interests. After the completion of 

microPET data acquisition, mice were euthanized for a confirmatory biodistribution 

studies. Samples of tumor, blood, lung, liver, spleen, kidney, muscle and heart were 

harvested, weighed and then counted on the gamma counter with a standard dilution of 

the injectate. The percentage of the injected dose per gram of tissue (%ID/g) was 

calculated as described above with p values ≤ .05 considered statistically significant 

(n=4). 
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In chapter 2, post-microPET/CT biodistribution analysis had revealed limited 

extravasation of systemically administered [64Cu]Pep-1L across the blood-brain barrier 

into the brain parenchyma. To prevent ineffective delivery of our peptide to GBMs when 

administered systemically, we opted to loco-regionally deliver Pep-1L for therapeutic 

purposes. In this chapter, we aim to radiolabel DOTA conjugated Pep-1L to actinium-

225 and to evaluate the efficacy of loco-regionally delivered [225Ac]Pep-1L against 

orthotopically established GBMs.  
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ABSTRACT 

Glioblastoma (GBM) is the most aggressive primary malignant brain cancer that 

invariably results in a dismal prognosis. Chemotherapy and radiotherapy have not been 

completely effective as standard treatment options for patients due to recurrent disease. 

We and others have therefore developed molecular strategies to specifically target 

interleukin 13 receptor alpha 2 (IL13RA2), a GBM restricted receptor expressed 

abundantly on over 75% of GBM patients. In this work, we evaluated the potential of 

Pep-1L, a novel IL13RA2 targeted peptide, as a platform to deliver targeted lethal 

therapies to GBM. To demonstrate GBM-specificity, we radiolabeled Pep-1L with 

Copper-64 and performed in vitro cell binding studies, which demonstrated specific 

binding that was blocked by unlabeled Pep-1L. Furthermore, we demonstrated real-time 

GBM localization of [64Cu]Pep-1L to orthotopic GBMs using small animal PET imaging. 

Based on these targeting data, we performed an initial in vivo safety and therapeutic study 

using Pep-1L conjugated to Actinium-225, an alpha particle emitter that has been shown 

to potently and irreversibly kill targeted cells. We infused [225Ac]Pep-1L into orthotopic 

GBMs using convection-enhanced delivery and found no significant adverse events at 

injected doses. Furthermore, our initial data also demonstrated significantly greater 

overall, median and mean survival in treated mice when compared to those in control 

groups (p < 0.05). GBM tissue extracted from mice treated with [225Ac]Pep-1L showed 

double stranded DNA breaks, lower Ki67 expression and greater propidium iodide 

internalization, indicating anti-GBM therapeutic effects of [225Ac]Pep-1L. Based on our 
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results, Pep-1L warrants further investigation as a potential targeted platform to deliver 

anti-cancer agents. 

INTRODUCTION 

Glioblastoma (GBM) is a grade IV primary malignant astrocytoma characterized by 

extensive angiogenesis, pseudopalisading, hypoxia and infiltrative margins [1]. 

Chemotherapy and local radiotherapy have not been completely effective due to long 

term neurological complications and recurrence related mortality [2, 3]. Persistence of 

invasive cells present in invaded normal brain and therapeutic resistance of GBM stem 

cells have been identified as causes of GBM recurrence post therapy. These pitfalls of 

conventional therapy highlight the need for better GBM targeted therapy. 

Interluekin-13 receptor alpha 2 (IL13RA2) is a glioblastoma restricted receptor 

that is abundantly overexpressed in over 75% of GBMs but absent in normal brain tissue, 

highlighting its potential as a therapeutic target against GBM [4–7]. IL13RA2 was 

initially postulated to function as a decoy receptor to functionally sequester interleukin 13 

(IL13) and prevent it from binding to the heterodimer IL13RA1/IL4RA receptor 

(abundantly found within normal brain and tumors), which binds to both IL13 and IL4 

[5]. IL13RA2 could therefore prevent apoptosis that would otherwise be initiated by IL13 

binding to physiologically abundant receptor on GBM through the STAT6 pathway but 

its specific role is yet to be clearly elucidated and is an active area of investigation. 

However, recent evidence has demonstrated a potential role of IL13RA2 in activating the 

Scr/PI3K/Akt/mTOR pathway [8]. IL13RA2 is internalized upon binding to IL13 and its 

derivatives in GBM cells, making it an attractive target for cytotoxic therapeutics [9]. In 
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addition, a recent report from a Phase I clinical study has described significant regression 

of a recurrent GBM in a patient after intracavitary and intraventricular infusion of 

chimeric antigen receptor (CAR) T-cells targeting IL13RA2 expressing GBM cells, 

further highlighting the therapeutic advantage of targeting IL13RA2 expressing tumor 

cells [10, 11]. 

Peptide ligands can be designed to function as molecular scaffolds specifically 

targeting IL13RA2 expressing GBM cells with molecular therapeutics while sparing 

normal brain tissue [6, 7, 12, 13]. Using peptides conjugated to lethal irradiation may be 

advantageous compared to using larger proteins and antibodies due to their small size and 

resulting relatively brisk plasma clearance. Pandya et al. discovered an IL13RA2 

targeting peptide, peptide-1 linear (Pep-1L) that showed promising specificity in 

vitro and in vivo.Specifically, they evaluated GBM localization of intravenously injected 

cy5.5 conjugated Pep-1L in mice and found the peptide accumulation within GBM tissue 

up to 288 hours post injection [14]. Furthermore, Solingapuram et al. have demonstrated 

IL13RA2 specific binding of [64Cu]Pep-1L after systemic injection in peripheral mouse 

tumor models [15]. These results highlighted the potential of using Pep-1L as a molecular 

scaffold to deliver anti-GBM therapy. In this work, we therefore aim to validate Pep-1L 

targeting after administration via convection enhanced delivery (CED) using real-time 

PET/CT for the first-time. Furthermore, we explore using Pep-1L conjugated to cytotoxic 

α-particle emitting radioisotopes against GBM. α-particle emitters are attractive because 

they emit short ranged and powerful particles which could be targeted to GBM cells via 

tumor-specific biomarkers [16, 17]. Actinium-225 (Ac-225) is an α-particle emitter with 

a 10-day half-life that has been shown to be effective at causing tumor cytotoxicity when 
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targeted to tumor specific biomarkers in various different cancers. 225Ac releases 4 alpha 

particles upon decay, which have a short range of only 50–100 μm but a high linear 

energy transfer (~80 keV/μm). α-particles cause irreparable double strand DNA breaks 

only within targeted cells but not in surrounding normal tissue, resulting in targeted GBM 

cell killing at very low doses [18]. 

RESULTS 

Radiolabeling Pep-1L with Cu-64 and Ac-225 

NOTA-chelated peptides (both Pep-1L and scrambled peptides) were radiolabeled to 

copper-64 (Cu-64) in 0.1 M NH4OAc buffer (pH 5.5) at 75°C for 1 hour using standard 

methods [15]. Radiolabeled peptide, [64Cu]Pep-1L showed > 98% radiochemical purity 

(Figure 1). Similarly, DOTA chelated peptide was radiolabeled to Ac-225 using 

previously reported methods [15]. [225Ac]Pep-1L showed > 95% radiochemical purity. 
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Figure 1: Radiolabeling Pep-1L and scrambled peptide to Cu-64. Radio-TLC analysis 

showed effective radiolabeling of Pep-1L (A) and scrambled peptide (scr) (B) to Cu-64 in 0.1M 

NH4OAc buffer (pH 5.5) at 75°C. Both peptide analogues showed > 98% radiochemical purity. 

 

[64Cu]Pep-1L shows specificity towards IL13RA2 expressing patient derived 

xenograft cells in vitro 

In vitro cell uptake assay was performed on a patient derived human glioblastoma cell 

line (PDX) with and without unlabeled blocking peptide to confirm the specificity of 

[64Cu]Pep-1L. We observed uptake of [64Cu]Pep-1L in the IL13RA2 expressing PDX cell 
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line (3–5% injected dose (I.D.)/mg of protein), which was inhibited by blockade using 

unlabeled Pep-1L after 2 hour, 3 hour and 4 hour incubation periods (Figure 2). These 

results demonstrate specific binding of Pep-1L to IL13RA2. 

 

Figure 2: In vitro specificity of [64Cu]Pep-1L towards IL13RA2 expressing PDX cell 

line. [64Cu]Pep-1L showed greater binding to IL13RA2 expressing PDX cells in comparison to its 

binding to PDX cells blocked with unlabeled Pep-1L at 2 hour, 3 hour and 4 hour incubation 

periods. This shows IL13RA2 specific cell binding of [64Cu]Pep-1L. Data represented as means 

+/− SEM. 

 

[64Cu]Pep-1L delivered via CED demonstrates localization within orthotopic GBMs 

MicroPET/CT imaging studies were performed 4 hours and 24 hours post intracranial 

infusion of [64Cu]Pep-1L and untargeted control ([64Cu]scrambled peptide). ROI analysis 

of microPET/CT imaging data showed focal and increased [64Cu]Pep-1L accumulation in 

the brain of mice, which was ~2-fold greater compared to untargeted control 

[64Cu]scrambled peptide that showed a more dispersed distribution within brain (Figure 

3A). To confirm this tumor targeting, we performed post-necropsy analysis on the mouse 

brains and found that mice that received [64Cu]Pep-1L showed significantly higher 

http://www.impactjournals.com/oncotarget/index.php?journal=oncotarget&page=article&op=view&path%5B%5D=17792&path%5B%5D=56972#F2
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radioactive uptake within the brain when compared to mice that received untargeted 

control [64Cu]scrambled peptide (Figure 3B). These results from the post-necropsy 

biodistribution study therefore validate the microPET/CT imaging data and confirm 

GBM targeting of Pep-1L after CED. 

 

Figure 3: CED of [64Cu]Pep-1L shows IL13RA2 specific localization within U251 GBMs in 

vivo. (A) Athymic mice were intracranially injected with U251 human GBM cells and tumor 

establishment was tracked using in vivo bioluminescent imaging. Upon establishment of GBMs, 

[64Cu]Pep-1L (~150-180 μCi (6.6MBq)/8 μL) and 64Cu-scrambled peptide (~150-180 μCi 

(6.6MBq)/8 μL) were intracranially infused. MicroPET/CT imaging revealed GBM tissue 

specific localization of [64Cu]Pep-1L, delivered via CED in mice bearing orthotopic U251 GBMs. 

MicroPET/CT imaging also revealed non-specific, dispersed distribution of similarly delivered 

[64Cu]scrambled peptide in mice bearing U251 GBMs. (B) Post-necropsy biodistribution analysis 

showed ~2 fold greater localization of [64Cu]Pep-1L within brains of mice when compared to 

[64Cu]scrambled peptide. Data represented as means +/− SEM. 
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Safety and initial therapeutic effect of [225Ac]Pep-1L against orthotopic IL13RA2-

expressing GBM tumors 

To examine the safety of [225Ac]Pep-1L delivered via CED on orthotopic GBMs, we 

radiolabeled Pep-1L with Ac-225 using standard methods [19]. 1 μCi (0.04MBq) of 

[225Ac]Pep-1L was infused into orthotopic GBMs using CED (n = 8). We did not observe 

any clinical toxicity due to the injected dose. In addition to monitoring safety, we also 

gathered preliminary anti-tumor activity of [225Ac]Pep-1L by monitoring tumor growth 

with regular in vivo bioluminescent imaging, as U251 GBM cells were modified to 

express firefly luciferase (fLuc). We found that mice treated with [225Ac]Pep-1L showed 

delayed tumor progression (Figure 4A). Quantification of bioluminescent signal showed 

that mice treated with [225Ac]Pep-1L had reduced tumor volume when compared to the 

mice in control group as indicated by the reduction in tumor bioluminescent signal 

(Figure 4B) (p < 0.01). Furthermore, mice treated with [225Ac]Pep-1L showed decreased 

weight loss when compared to mice in control group, indicating increased intracranial 

tumor burden in control animals. Furthermore, mice treated with [225Ac]Pep-1L 

demonstrated significantly increased survival, with an overall survival of 55 days, median 

survival of 41 days and mean survival of 43 days post [225Ac]Pep-1L administration 

compared to control group that demonstrated an overall survival of 29 days, median 

survival of 23 days and mean survival of 19 days (p < 0.05) (Figure 5). 
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Figure 4: [225Ac]Pep-1L delays tumor progression, reduced tumor volume and tumor cell 

viability in vivo against GBMs. In vivobioluminescent imaging of mice bearing 

established fLuc-expressing U251 GBMs. (A) Mice infused with [225Ac]Pep-1L through CED 

(n = 8) showed reduced bioluminescence signal when compared to mice in control groups (n = 7) 

over a period of 29 days post infusion indicating delayed progression of established GBMs and 

reduced tumor cell viability upon therapy. (B) Quantification of bioluminescent signal showed 

that mice infused with [225Ac]Pep-1L had reduced tumor volumes when compared to mice in 

control groups. Data represented as means +/− SEM. Student’s t-test showed significant 

difference between both the experimental groups (p < 0.01). 
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Figure 5: CED of [225Ac]Pep-1L in vivo shows significantly greater efficacy compared to 

control groups. Kaplan-Meier curve showing significantly greater overall survival, median 

survival and mean survival (p < 0.05) of mice treated with [225Ac]Pep-1L when compared to mice 

in control group. Efficacy of [225Ac]Pep-1L against orthotopic GBMs when infused via CED is 

demonstrated by the greater overall survival, median survival and mean survival. 

 

[225Ac]Pep-1L causes double strand DNA breaks, GBM cytotoxicity and reduces cell 

proliferation in orthotopic U251 GBMs 

To visualize molecular markers of α-particle induced cytotoxicity, immunohistological 

analysis was performed on the brains of mice from both groups. GBMs in mice treated 

with [225Ac]Pep-1L showed significantly greater sub-nuclear accumulation of γH2A.X 

which indicates lethal double strand DNA breaks caused by ionizing effect of α-particles 

when compared to GBMs of mice from control group (Figure 6A) [20]. We also observed 
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lower Ki67 expression in GBMs of mice treated with [225Ac]Pep-1L when compared to 

GBMs of mice in control group (Figure 6B) indicating reduced tumor proliferation, in 

line with our in vivo bioluminescent imaging data. In addition, we also observed greater 

propidium iodide internalization in GBMs of mice treated with [225Ac]Pep-1L when 

compared to GBMs of mice in control groups (Figure 6C), indicating potential tumor 

tissue necrosis/apoptosis resulting from lethal DNA damage. These initial results 

corroborate the therapeutic response of our [225Ac]Pep-1L on orthotopic GBMs. 

 

Figure 6: [225Ac]Pep-1L causes double strand DNA breaks, GBM cytotoxicity and reduces 

cell proliferation in orthotopic U251 GBMs. Histological analysis of GBMs from mice treated 

with [225Ac]Pep-1L showed (A) increased γH2A.X sub-nuclear accumulation indicating fatal 

double strand DNA breaks, (B) lower expression of Ki67 indicating reduced tumor proliferation 

and progression, thereby supporting bioluminescent data and (C) greater internalization of 

propidium iodide indicating tissue necrosis/apoptosis, likely to be a result of damage by alpha 

particles when compared to GBMs of mice in control group. 
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DISCUSSION 

Targeting lethal radioisotopes to cancer, known as radioimmunotherapy, has had limited 

success against solid tumors with the exception of thyroid cancer, which naturally takes 

up untargeted radioactive iodine isotopes via the sodium-iodine symporter. There are 

many factors that have prevented widespread successful deployment of targeted 

radiotherapy that are now being overcome and have sparked a renaissance in such 

therapeutic strategies. Past shortcomings include the pharmacokinetics of the ligand, the 

strength of the radioisotope and delivery method. Initial therapeutic applications of 

radioimmunotherapy generally involved conjugating β-emitting isotopes, like iodine-131, 

to whole antibodies that target a tumor biomarker. However, one challenge faced by this 

paradigm is that the radioactive antibody remained in the blood for an extended period 

and exposed normal organs, which limited the dose of radioactivity administered. 

However, many researchers have now significantly decreased the size of their ligands by 

deploying antibody fragments, peptides or small molecules, and consequently increasing 

the tumor-to-background ratio [21]. One common approach uses peptides as a platform to 

deliver toxic therapeutics such as radioisotopes. Therefore, in this work we chose to 

utilize Pep-1L to target IL13RA2, as a therapeutic delivery platform against GBM. We 

and others have demonstrated that IL13RA2 is an attractive tumor-restricted biomarker 

that is highly over-expressed on the vast majority of GBMs and is internalized after 

ligand engagement. Importantly, we have shown that IL13RA2 is overexpressed on GBM 

stem cells, which have been reported to overexpress drug efflux pumps and are relatively 

insensitive to conventional radiation therapy [4, 7]. These characteristics as well as lack 
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of significant expression of IL13RA2 on normal tissues have instigated the development 

of a number of therapeutics against IL13RA2 [6, 12, 22–24]. 

However, additional challenges remain in delivering toxic payloads to GBM. 

Recurrent disease is a major cause of GBM patient mortality and is thought to occur from 

persistence of therapy resistant infiltrative cancer cells [25–27]. Furthermore, 

systemically administered therapeutics generally result in ineffective concentrations of 

drugs in tumor regions and normal brain containing infiltrative GBM cells [28–30]. 

Therefore, we and others are exploring novel methods of delivering therapies to GBM. 

One such delivery modality is Convection Enhanced Delivery (CED), where drug is 

delivered under constant pressure, enabling it to penetrate deeply into surrounding tumor 

and brain tissue that may contain infiltrative cells [31–33]. However, a significant cause 

of failure using this approach in early CED trials has been the lack of real-time imaging 

to verify proper tumor coverage [34]. For example, in an earlier CED trial using IL13-

based cytotoxin, it was later estimated that only about 20% of the tumor volume was 

covered by the therapy [34], which greatly contributed to only showing modest benefits 

and not meeting the trial endpoints. While the CED method has drastically improved 

since the early trials by using innovative catheters that prevent backflow, it has become 

standard practice to use some type of real-time imaging to ensure proper catheter 

placement and tumor coverage. We therefore aimed to develop a Pep-1L specific probe 

that would (a) validate Pep-1L as a platform to deliver therapeutics using CED; and (b) 

develop a real-time specific probe that would predict tumor targeting as well as quantitate 

the dose of therapy expected to reach the tumor based on biomarker expression, a feat not 

accomplished by the current generic imaging surrogates like gadolinium that are used in 
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conventional CED. Therefore, one focus was to demonstrate our ability to molecular 

target GBM with a novel IL13RA2-targeted peptide after CED using PET/CT. 

To demonstrate tumor specific delivery of Pep1L, a novel peptide discovered to 

target IL13RA2, we radiolabeled it with positron emitting Cu-64 and demonstrated its 

ability in vitro and in vivo to target IL13RA2-expressing human GBMs. Importantly, 

when intratumorally infused into mice bearing orthotopic human GBMs, IL13RA2-

targeted [64Cu]Pep-1L showed GBM-specific localization compared to similarly infused 

[64Cu]scrambled peptide. We also witnessed increased focal retention of the 

intratumorally infused [64Cu]Pep-1L when compared to [64Cu]scrambled peptide 4 hours 

and 24 hours post intracranial infusion. Given this successful targeting of orthotopic 

tumors in vivo, we initiated a pilot study aiming to show the safety of Pep-1L 

radiolabeled to Ac-225, a potent α-particle emitter that has shown promise in early 

clinical trials [17, 35, 36]. In addition to optimized ligands, using more powerful α-

emitting isotopes has propelled the field of radioimmunotherapy forward. α-particles are 

estimated to be 500–1000x more powerful than β-emitters, but have the added benefit of 

an ultra-short killing range, making it more safe to the surrounding organs [37]. This is 

especially beneficial for treating diseases such as GBM, where infiltrating tumor cells 

exist in significant number in normal brain tissue. Additionally, GBMs are often 

characterized by pseudopalisades, which are areas of hypoxia where residing GBM cells 

are relatively resistant to γ and β irradiation due to lack of reactive oxygen species (ROS) 

[38–40]. The use of α-particles avoids this potential issue as their tumor cytotoxicity is 

the result of irreparable double stranded DNA breaks and does not rely on the presence of 

ROS [18]. Therefore, we performed initial proof-of-concept safety studies by infusing 
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1μCi (0.04MBq) of [225Ac]Pep-1L into orthotopic human GBM xenografts using CED 

and observed no adverse events, likely secondary to the demonstrated targeting of Pep-1L 

as well as the use of ultra-short range α-particles. Furthermore, in addition to safety, these 

initial pilot experiments demonstrated significant reduction in tumor volume, reduction in 

tumor cell viability and increased survival when compared to control group. These initial 

results validate the further study of Pep-1L as a viable delivery platform for anti-tumor 

therapeutics delivered via CED against GBM. 

There are numerous clinical strategies utilizing radioimmunotherapy that are 

beginning to show positive results in clinical trials and practice. For example, Radium-

223 was approved by the FDA against prostate cancer bone metastasis as the first agent 

to extend survival in patients with castrate resistant prostate cancer with bone metastasis 

[37]. This agent targets osteoblastic activity characteristically found in the vicinity of 

prostate cancer bone metastasis [37, 41, 42]. Astatine-211 labeled anti-tenascin targeted 

therapy was evaluated in a phase-1 trial in primary and metastatic brain tumor patients 

[43]. Therapeutic benefit of Ac-225 labeled anti-CD33 monoclonal antibody was 

evaluated in a phase-1 clinical trial in acute myeloid leukemia (AML) patients where 

median progression free survival (PFS) and median overall survival of 2.7 months and 

5.5 months respectively were observed [44, 45]. Given our initial promising results in our 

current experiment, further evaluation of [225Ac]Pep-1L delivered via CED is ongoing. 
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MATERIALS AND METHODS 

Animals 

Male athymic nude mice and rats were purchased from Taconic Farms (Germantown, 

NY). All colonies were housed in a pathogen-free facility of the Animal Research 

Program at Wake Forest School of Medicine under a 12:12-h light/dark cycle and fed ad 

libitum. All animal experiments were conducted under IACUC approved protocols in 

compliance with the guidelines for the care and use of research animals established by 

Wake Forest Medical School Animal Studies Committee. 

Cell culture 

U251 human glioblastoma cell line genetically engineered to express firefly luciferin 

(fLuc) was cultured in DMEM- high glucose media (Corning, NY) supplemented with 

10% FBS (Invitrogen, Carlsbad, CA) and 1% Pen-Strep (Gibco, Grand Island, New 

York). PDX cell line was cultured in serum free neurobasal media (ThermoFisher 

Scientific, Somerset, NJ) supplemented with 1% anti-anti (ThermoFisher Scientific, 

Somerset, NJ), 50 μg human epithelial growth factor (hEFG) and 50 μg human fibroblast 

growth factor beta (hFGF-β). 

Radiolabeling of Pep-1L Cu-64 to and Ac-225 

Ac-225 was purchased from Oak Ridge National Laboratory. For Ac-225 labeling, the 

prepared DOTA-Pep-1L (CPC-scientific, San Jose, CA) was incubated with Ac-225 at 

70°C for 50 minutes. The TLC plates were scanned on a BioScan Imaging Scanner. Cu-

64 was purchased from Washington University in St. Louis. The custom peptide specific 
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to IL13RA2 and a scrambled peptide were conjugated with NOTA by CPC scientific Inc 

(San Jose, CA). Both the peptides, Pep-1L and scrambled peptide-NOTA were 

radiolabeled with Cu-64 according to the previously reported methods [15]. Briefly, 20 

μg of NOTA-peptide was dissolved in 0.1 M ammoniumacetate (NH4OAc) aqueous 

buffer solution pH 5.5. [64Cu]Cl2 was converted to [64Cu](OAc)2 by dissolving in 100 μL 

of 0.1M NH4OAc pH 5.5. The resultant [64Cu](OAc)2 ~1-2 mCi (0.04-0.08MBq) was 

then added to the conjugated NOTA-peptide aliquot in an Eppendorf tube and heated at 

75°C for 1 hour. Radiochemical purity was determined by radio-TLC (MK-C18 reversed 

phased TLC plates). Around ~1 μL of the reaction mixture was applied on the C18-

reversed phase TLC plate and developed with 10% NH4OAc: MeOH (30:70) as the 

mobile phase. After the completion of reaction (through TLC analysis), the reaction 

mixture was quenched with 5 mM EDTA aqueous solution and stirred for an additional 

15 minutes at 30°C. The final product was passed through 0.22 μm filter and re-analyzed 

by iTLC strips with 5 mM EDTA solution as mobile phase. The TLC plates were scanned 

on a BioScan Imaging Scanner. 

Cell uptake assay 

The in vitro specificity of [64Cu]Pep-1L towards IL13RA2 was confirmed using human 

patient derived glioblastoma cell line (PDX) acquired from Mayo Clinic (Rochester, MN) 

following previously reported methods. PDX cells were harvested using trypsin 

(ThermoFisher Scientific, Somerset, NJ). Cells were counted using a hemocytometer and 

1 × 105 PDX cells were then seeded into each well of a 6-well culture plate coated with 

0.02mg/mL laminin (ThermoFisher Scientific, Somerset, NJ). PDX cells were incubated 

overnight at 37°C and 5% CO2 in an incubator. On the day of experiment, fresh solution 
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of Pep-1L was made at a concentration of 5μM in serum free neurobasal media and was 

used as the blocker solution. The blocker solution was added 15 minutes prior to addition 

of radiotracer. PDX cells were incubated with [64Cu]Pep-1L (0.5 μCi (0.02MBq) /well) 

for 2 hour, 3 hour and 4 hour incubation periods (n = 3) at 37°C. Residual fluid was 

removed by pipette, and 200 μL of 0.1% aqueous sodium dodecylsulfate lysis buffer 

solution was added to each well. The radioactivity was counted using the Wallac 1480 

Wizard gamma counter (Perkin Elmer, Turku, Finland). Additional 20 μL aliquots were 

taken in triplicate from each well for protein concentration determination. The uptake 

data in each sample from each well and the standard counts for each condition were 

expressed as counts per minute (cpm) of activity and are decay corrected for elapsed 

time. The cpm values of each well were normalized to the amount of radioactivity added 

to each well and the protein concentration in the well and expressed as percent uptake 

relative to the control condition. The data were expressed as %ID/mg of protein present 

in each well with p values ≤ 0.05 considered statistically significant. 

Stereotactic intracranial injections 

Orthotropic glioblastomas were implanted by stereotaxic implantation of 105 actively 

growing U251 glioma cells in nude mice. Briefly, mice were weighed and anesthetized 

with a mixture of 114 mg/kg Ketamine and 17 mg/kg xylazine. Mice were placed in a 

stereotaxic setup and a hole was made 2 mm lateral and 0.5 posterior to the bregma in the 

right cerebral hemisphere through a scalp incision. Stereotaxic injection was performed 

using a Just for Mice stereotaxic apparatus (Harvard Apparatus, Holliston, MA), with 

injection of 10-μL Hamilton syringe (Sigma-Aldrich, St. Louis, MO) through the hole to 

a depth of 3.2 mm. A Nanomite programmable syringe pump (Harvard Apparatus, 
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Holliston, MA) delivered constant infusion of U251 cells (105/5 μL), [64Cu]Pep-1L 

(~150-180 μCi (6.6MBq)/8 μL), 64Cu-scrambled peptide (~150-180 μCi (6.6MBq)/8 μL) 

and [225Ac]Pep-1L (1 μCi (0.037MBq)/5 μL) at a rate of 1 μL/min. All mice received an 

analgesic (Ketaprofen) and were monitored for body weight, ambulatory, feeding and 

grooming activities. 

Small animal microPET/CT imaging 

Mice bearing orthotopic U251 GBMs were placed in an induction chamber containing 

2% isoflurane/oxygen and then secured to a custom double bed; anesthesia was 

maintained via nose-cone at 1% isoflurane/oxygen for the dynamic imaging procedure. 

The mice were scanned for 20 minutes using Triumph PET/CT scanner (TriFoil, 

Chatsworth, CA) 4 hours and 24 hours post infusion. The regions of interest (ROIs) were 

generated for both experiment groups. 

Post-necropsy biodistribution analysis 

After the completion of micro PET data acquisition, mice were euthanized to measure 

radioactive uptake within brains of mice. Brains from mice infused with [64Cu]Pep-1L 

and [64Cu]scrambled peptide were extracted, weighed and then counted on a Beckman 

Gamma 8000 well counter (Beckman Instruments, Inc., Irvine, CA) with a standard 

dilution of the injectate. The percentage of the injected dose per gram of tissue (%ID/g) 

was calculated. 
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Bioluminescent imaging 

Mice were anaesthetized using 2% mixture of isoflurane and oxygen in an induction 

chamber. Each mouse was intraperitoneally injected with 10 ml/g of D-luciferin (150 

μg/mL) and placed in an in vivo IVIS bioluminescent imaging system (PerkinElmer, 

Waltham, MA) that supplied mice with 2% mixture of isoflurane and oxygen through 

nose cones. Regions of interest were drawn around bioluminescent signals in the 

resulting pictures. After bioluminescent imaging, mice were returned back to their 

respective cages upon regaining consciousness. 

Extraction and cryopreservation of rodent brains 

Mice were anesthetized; transcardially perfused with PBS followed by 4% PFA. Brains 

were removed; postfixed in 4% PFA, cryoprotected in 30% sucrose, covered with tissue 

embedding medium, snap frozen in liquid nitrogen and stored at −80°C. 

Tissue sectioning 

Serial, 20 μm thick, transverse sections of the frozen tissues were obtained using a 

cryostat (Microm HM 500, Zeiss, Germany) at −20°C and were mounted on Super Frost 

Plus microscope slides (ThermoFisher Scientific, Somerset, NJ) in series of six and were 

stored at −20°C. 

Immunohistochemistry 

Sections were dried at room temperature for an hour, rehydrated in PBS, permeabilized 

with 0.5% Triton X-100 (Sigma) in PBS solution and blocked to saturate non-specific 

antigen sites using 5% (vol/vol) goat serum-PBS (Jackson Immunoresearch Labs, West 
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Grove, PA) at 4°C overnight. On the next day, the sections were incubated with 0.05% 

Tween 20 and incubated in anti-Ki67 antibody (Abcam, Cambridge, UK), anti-γH2A.X 

antibody (Abcam, Cambridge, UK) and propidium iodide (500 nM) (ThermoFisher 

Scientific, Somerset, NJ) for 4 hours. Later, the sections were washed using PBS-T and 

incubated with anti-rabbit Alexa flour-647 for 2 hours in the dark. Later, the sections 

were imaged on incubated with Hoechst 33342 (Abcam, Cambridge, UK). The sections 

were mounted on slides using fluorescence mounting medium and observed on a 

fluorescent microscope. 

Microscopy 

An inverted motorized fluorescent microscope (Olympus IX81, NY) with an Orca-R2 

Hamamatsu CCD camera (Hamamatsu, Japan) was used for image acquisition. Camera 

drive and acquisition were performed using a MetaMorph Imaging System (Olympus, 

NY) and Fluo View Viewer 4.2 software were used for image acquisition. 

Statistical analysis 

Data are represented as means +/− standard error of mean (SEM). Student’s t-test was 

performed to assess if experimental groups were significantly different from each other. 

All statistical analyses and graphs were generated using GraphPad Prism software. 

CONCLUSIONS 

These results demonstrate the potential of Pep-1L as a delivery platform against the 

tumor restricted IL13RA2. Furthermore, we demonstrated the use of PET/CT to evaluate 

tumor targeting after CED, which can be used to both ensure that the CED catheter is 
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properly placed and to map successful targeting by putative IL13RA2 targeted therapies. 

We also demonstrated the safety of arming the Pep-1L platform with Ac-225, a powerful 

α-particle emitter. We found significant anti-tumor effects of [225Ac]Pep-1L in these 

initial experiments, which we are continuing to investigate in GBM and other cancer 

models that express IL13RA2. 
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Regardless of initial response to our alpha particle therapy in chapter 3, we observed 

eventual tumor progression and mortality of mice in treatment group. We suspected the 

cause for this to be GBM heterogeneity and incomplete intratumoral distribution of loco-

regionally delivered [225Ac]Pep-1L. The aim of this chapter is to introduce the reader 

about concepts regarding drug delivery into CNS and the role that BBB in plays in their 

effective delivery, while also summarizing recently reported novel strategies to enhance 

BBB permeability. 
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Abstract: Disease in the central nervous system (CNS) is a challenge to treat with 

systemic therapies due to the presence of the blood–brain barrier (BBB), which excludes 

common and novel therapeutics. For example, glioblastoma (GBM) is the most common 

and aggressive primary brain tumor, with an extremely poor prognosis due to infiltrating 

tumor cells in areas of normal brain. A primary challenge of treating this devastating 

disease is the exclusion of systemic therapies from the CNS. While efforts are being 

made to develop strategies for designing drugs that can pass through the BBB, there are 

also efforts to use novel engineering techniques to safely allow any systemic therapy into 

the CNS and areas of disease. In this chapter, we focus on using high–intensity focused 

ultrasound (HIFU) to circumvent the BBB. 

Key words: Blood–brain barrier; Glioblastoma; High-intensity ultrasound; Stem cells 

Introduction 

Glioblastoma (GBM) is the most common and aggressive primary brain tumor, with an 

extremely poor prognosis (1). The dismal prognosis is a direct result of the fact that 

standard therapies fail to eradicate residual or infiltrating cells that reside adjacent to and 

infiltrate normal brain tissue. This failure is mostly due to the unique physiology of the 

blood–brain barrier (BBB), which is designed not only to protect the brain from 

exogenous and endogenous toxins but also to prevent the full cytotoxic effects of most 

therapeutics on intracranial tumors. Thus, many groups are developing novel methods of 

permeabilizing the BBB to treat infiltrating tumor cells that are in regions of normal 

brain. One focus of these efforts to circumvent the BBB is using novel ultrasound 
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technology that is emerging as a noninvasive and translational approach to safely allow 

systemic therapies to access GBM. 

Image-Guided, Remote-Controlled Opening of the BBB for Systemic Brain Tumor 

Therapy 

High-intensity focused ultrasound in remotely overcoming of the BBB for drug 

delivery 

High-intensity focused ultrasound (HIFU) is a therapeutic ultrasound technique that 

delivers high-intensity acoustic energy to a localized area in the body. These ultrasound 

waves are significantly higher than what is commonly used in imaging or diagnostic 

ultrasound. HIFU can thus be used to ablate tissue from the resulting high temperature 

without affecting the surrounding tissues. This is accomplished by focusing an ultrasound 

beam via acoustic lens, a curved transducer or a phased array (2–4). Since ultrasound 

waves pass through skin and other intervening tissues at relative low intensities, they 

produce no effect or damage outside the area of focus, where they typically provide 

intensities up to three to four orders of magnitude higher compared to the unfocused 

beam (3).  

When used for therapeutic purposes, the focused ultrasound energy from HIFU 

induces a temperature rise or intensive mechanical force to alter tissue structure and 

functions, resulting in a large variety of localized bioeffects through either mechanical or 

thermal activity (5). Depending on the energy level, the generated bioeffects can be mild 

and nondestructive, such as those for hyperthermia or physical therapy, or more extreme 

and destructive, such as thermal ablation of tumors in prostate, uterus, brain, etc. (6–12). 
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Although destructive ultrasound exposures for ablation of a variety of tumors are 

currently the best-known application of HIFU technology, there is increasing interest in 

using nondestructive HIFU to induce BBB opening to allow the delivery of therapeutic 

agents to the brain. 

HIFU has been studied to treat brain diseases as far back as the 1940s (4, 13, 14). 

Localized and reversible BBB disruption created by direct sub-lethal HIFU exposure with 

or without pre-injection of microbubbles has been reported extensively in recent decades 

(5, 15, 16). Direct HIFU exposure without any ultrasound contrast agent may in itself 

induce BBB disruption, but tissue necrosis due to the high energy makes this technique 

suboptimal. By introducing microbubbles, which are typically used in diagnostic 

ultrasound as a contrast agent, at the time of sub-lethal HIFU exposure, researchers have 

demonstrated the potential of permeabilizing the BBB without producing any apparent 

neuronal damage (5, 17). The mechanism of this disruption is thought to be from the 

mechanical forces created by the oscillation of circulating microbubbles driven by 

focused ultrasound. This phenomenon may change the array of endothelial cells in the 

blood vessel wall, thus transiently increasing the permeability of the BBB without any 

lethal effects (18). 

Although different imaging modalities have been used to guide the targeting of 

HIFU exposures in the body, MRI presents the standard modality in the studies for 

HIFU-induced BBB opening. Compared to other imaging modalities such as diagnostic 

ultrasound, MRI enables more accurate placement of the HIFU beam in the brain, and the 

delivery of gadolinium-based MR contrast agents can be used as a reliable surrogate 

marker for successful permeability enhancement and optimization. Thus, it is hopeful that 
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nondestructive HIFU technologies can permeabilize the BBB to systemic therapeutics 

that cannot be currently used against brain cancer due to exclusion by the BBB. 

Controllable drug delivery using stem cells in conjunction with HIFU 

One of the primary reasons of GBM recurrence is the presence of infiltrating tumor cells 

that can be found at distances far away from the primary tumor. These cells do not 

permeabilize the BBB to standard gadolinium contrast and are thus not visible on MRI. 

Using HIFU with microbubbles to permeabilize the BBB requires visualization of the 

target, which may be insufficient in regions of undetectable invasive cells at a far 

distance from the tumor (Figure 1A). Xiong et al. have developed a HIFU technique used 

in conjunction with therapeutic stem cells to access these infiltrating tumor cells using the 

tumor-homing biological properties of stem cells to locate the invisible invasive tumor 

cells.  
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Figure 1 Schemata of invasive GBM cells and how they can be targeted by a combination of 

stem cells and HIFU. (A) Invasive GBM cells migrating away from the primary tumor mass. (B) 

These cells have been shown to be targeted by engineered stem cells capable of secreting 

therapeutics, including TNFα. (C) Mild heating by HIFU can induce stem cells that express 

TNFα, which is engineered to be under the control of the HSP70 promoter. (D) TNFα causes 

local BBB breakdown, allowing for systemically injected therapeutics to precisely target areas of 

tumor invasion but not areas that are not targeted by engineered stem cells (E). 

 

Due to their tumor-tropic capacity, stem cells are emerging as feasible delivery 

vehicles to therapeutically target primary and invasive tumor cells (Figure 1B). 

Investigators have demonstrated the in vivo migratory capacity of stem cells toward 
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primary GBM tumors as well as invasive tumor cells that intermingle with normal brain 

tissue (19–28). Various stem cells such as embryonic stem cells, mesenchymal stem cells, 

neural stem cells, induced pluripotent stem cells (iPSCs), and neural stem cells derived 

from iPSCs have been shown to migrate to intracranially established GBMs when 

implanted loco-regionally within the brain, and their ability to secrete anti-GBM 

therapies after genetic modification has been investigated (29). The reason for the 

migration of stem cells toward sites of GBM and the molecular pathways involved in this 

process are under further investigation. Evidence suggests that the tumor tropism of stem 

cells is due to their affinity to the tumor microenvironment which often mimics aspects of 

the stem cell niches, such as by releasing various cytokines, the presence of severe 

hypoxia, and extensive vascularization (30, 31). Even though various chemokine 

receptors and their ligands have been attributed to play a role in tumor-tropic migration of 

stem cells, the stromal derived factor-1 (SDF-1) CXC-chemokine receptor 4 (CXCR4) 

signaling axis is the most studied, and is implicated to play an important role in migration 

of various stem cells towards tumors (32, 33). In addition to SDF-1/ CXCR4 axis, other 

signaling pathways such as urokinase-type plasminogen activator (uPA)/uPA receptor, 

PI3K, vascular endothelial growth factor receptor 2 (VEGF2), and matrix 

metalloproteinase 1 (MMP1)/protease-activated receptor 1 (PAR1) signaling pathways 

have been implicated in migration of stem cells to sites of tumors (29). SDF-1 has been 

reported to play a vital role in NSC maintenance and regulates NSC homing during 

neurogenesis (34). SDF-1 is reported to be expressed and secreted by GBM stem cells 

and endothelial cells which implicate its role in GBM stem cell migration and recruitment 

of other components of the tumor microenvironment as well. SDF-1 is also highly 
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expressed in regions of hypoxia within GBMs and is thought to promote survival through 

activation of NF-κB (33, 35). 

Various tumor-tropic stem cells have previously been reported to deliver anti-

GBM therapies using different strategies. Stem cells genetically modified to express 

tumor necrosis factor–related apoptosis inducing ligand (TRAIL) have been used 

previously in preclinical studies to induce apoptosis in tumor cells. Tumor-tropic stem 

cells that express ligands that inhibit tumor specific receptors such as EGFRvIII and stem 

cells that express “decoy” receptors that sequester essential paracrine factors within the 

tumor microenvironment have been shown to reduce GBM cell proliferation in 

preclinical studies (36). Another strategy of inducing secretion of cytokines is to increase 

recruitment of cytotoxic T cells and antitumor immunity within GBM microenvironment. 

This strategy could also be used to in combination with immune checkpoint inhibitors to 

enhance tumor-directed cytotoxicity. In addition, tumor-tropic stem cells have also been 

shown to deliver nanoparticles loaded with chemotherapy and oncolytic viruses. The 

accumulation of effective concentrations of nanoparticles within GBM tissue could be 

increased using a stem cell–based strategy to bypass the BBB (37, 38). The efficiency 

and safety of delivering GBM-targeted oncolytic viruses have also been enhanced using 

tumor-tropic stem cells (39, 40). Thus, it has been established that using engineered stem 

cells to secrete therapeutics after migrating to tumor sites has strong therapeutic potential.  

The biologic targeting of stem cells along with the spatial targeting of HIFU can 

be combined to create a remote-controlled expression platform has been leveraged to 

assist in locally opening up the BBB for facilitated drug delivery of systemically 

administered agents (41). This can be accomplished by remotely triggering expression of 
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effector cytokines, such as TNFα, from engineered tumor homing stem cells in response 

to noninvasive image-guided HIFU (Figure 1C). Recently, such an application of 

nondestructive HIFU has been used to heat tissue to nonlethal temperatures (~42°C) to 

locally activate the upregulation of a number of genes including heat shock protein (HSP) 

(42, 43). This biology has enabled investigators to in vivo regulate genes of their choice 

by engineering them to be expressed under the control of the HSP70 promoter and 

activating expression in vivo using sub-lethal HIFU (44). By combining stem cell 

delivery, heat-inducible gene expression and mild heating with HIFU, Xiong et al. 

demonstrated that HIFU can be used to remotely control the expression of pro-

inflammatory factors engineered in stem cells under the control of the HSP70 promoter 

(Figure 1C). This targeted expression led to the permeabilization of the BBB with high-

spatiotemporal precision and biologic selectivity, allowing for penetration of systemically 

administered small molecular MRI contrast agent and 300-nm-sized nanoparticles into 

the brain (Figure 1D, E) (41). This opening of the BBB was limited to where selected 

factors were secreted secondary to HIFU activation, near the engineered stem cells and 

consequently the infiltrating tumor cells. A major advantage of this process over using 

focused ultrasound and microbubbles for BBB opening is the fact that this process relies 

on the combination of physical energy deposition and a biologic response (stem cell 

tumor tropism). Thus, although a much larger volume would need to be heated by HIFU 

to nonlethal temperatures (42–43°C), the BBB opening will be much more focused and 

enhanced only where the heated engineered stem cells are located, which has been 

demonstrated to be adjacent to primary and invasive GBM cells (Figure 1D, E) (2–4, 16–

20). Although there is an added component of therapeutic stem cells, this technique can 
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potentially be performed in a noninvasive manner, as the engineered stem cells can be 

placed directly into a GBM resection cavity during standard-of-care surgery using an 

encapsulation technique. This approach was developed by Kauer et al. who demonstrated 

that encapsulating therapeutic stem cells in biodegradable, synthetic extracellular matrix 

(sECM) significantly increased their retention time in the GBM resection cavity, 

permitted strong tumor-selective migration and allowed secretion of anti-tumor proteins 

from sECM-encapsulated stem cells in vivo (45). Seven to fourteen days post stem cell 

implantation/tumor resection, HIFU can be used to noninvasively mildly heat (42–43°C) 

the resection cavity and surrounding brain to activate stem cell TNFα production and 

selectively permeabilize the BBB where the stem cells migrate, including the infiltrating 

tumor cells. Of translational relevance, there is already a clinical HIFU system 

(InSightec) that is being used to transcranially treat brain disorders and is in clinical trials 

for brain cancer (46–48). This MRI-compatible helmet-like device houses a multi-

channel-phased array system and can cover large volumes. Since one only needs to heat 

the brain and tumor to 42–43°C for gene activation under the HSP70 promoter, this 

technique is not constrained to only treating focal areas, a restriction that may limit the 

treating volume for reaching ablation temperatures (55°C). Heating to 42–43°C only 

requires a fraction of the energy needed for ablation and is feasible over large volumes in 

preclinical and clinical settings and does not result in overheating of the skull seen with 

conventional ablative HIFU. For example, an early clinical trial in using HIFU for brain 

tumors reported “The skull area that the acoustic beam was distributed over was 

calculated by the treatment planning workstation to be 284, 327, and 354 cm2, for 

patients 1–3” (48). Importantly, all patients received heat treatment to at least 42°C, 
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indicating the translational potential of gently heating large areas of the brain to 

nonablation temperatures.  

One enabling technology to controlled sub-lethal HIFU activation is MR 

thermometry, which incorporates automated, real-time feedback control of a predefined 

temperature, allowing for stably controlling HIFU to heat the brain tissue to around 42–

43°C for successful gene activation to open the BBB (41). Indeed, transcranial magnetic 

resonance-guided focused ultrasound (tsMRgFUS), which employs a phase array 

comprised of hundreds of transducer elements, has been used in clinical trial to precisely 

heat or ablate target areas in the brain (49). A commercially available clinical tsMRgFUS 

system (inSightec Inc. Tirat Carmel, Israel) that is being used to transcranially treat 

various brain disorders including essential tremors, Parkinson’s disease, and brain cancer. 

The availability of clinical tsMRgFUS system that can deliver HIFU energy through the 

human skull to a focal spot in the brain may further facilitate the translational and clinic 

application of using nondestructive HIFU to induce BBB opening to allow the delivery of 

therapeutic agents to the brain. 

Conclusion 

In order to better treat GBM, it will be crucial to develop novel techniques to deliver 

chemotherapies and novel molecular-targeted therapies to invasive GBM cells. HIFU 

provides a remote-controlled platform to permeabilize the BBB using mechanical forces 

via microbubbles or by mildly heating areas to induce engineered stem cells to secrete 

select cytokines. Translating these and other novel delivery approaches have the potential 
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to enable significantly improved outcomes that have eluded patients receiving traditional 

systemic therapies. 
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The aim of this chapter is to radiolabel integrin αvβ3 targeted liposomes with actinium-

225 and to evaluate the effect of loco-regionally delivered [225Ac]IA-TLs on the blood-

brain barrier (BBB) and the blood-brain/tumor barrier (BTB) permeability in mice 

bearing orthotopic GBMs. Enhancement in BBB/BTB permeability is observed using 

non-invasive small animal MR imaging and by visualizing the extravasation of 

systemically injected, albumin binding Evans Blue (EB) dye. 
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Abstract 

Glioblastoma (GBM) is the most common primary malignant astrocytoma characterized 

by extensive invasion, angiogenesis, hypoxia, and micrometastasis. Despite the relatively 

leaky nature of GBM blood vessels, effective delivery of antitumor therapeutics has been 

a major challenge due to the complications caused by the blood–brain barrier (BBB) and 

the highly torturous nature of newly formed tumor vasculature (blood tumor barrier-

BTB). External beam radiotherapy was previously shown to be an effective means of 

permeabilizing central nervous system (CNS) barriers. By using targeted short-ranged 

radionuclides, we show for the first time that our targeted actinium-225–labeled αvβ3-

specific liposomes (225Ac-IA-TLs) caused catastrophic double stranded DNA breaks and 

significantly enhanced the permeability of BBB and BTB in mice bearing orthotopic 

GBMs. Histologic studies revealed characteristic α-particle induced double strand breaks 

within tumors but was not significantly present in normal brain regions away from the 

tumor where BBB permeability was observed. These findings indicate that the enhanced 

vascular permeability in these distal regions did not result from direct α-particle–induced 

DNA damage. On the basis of these results, in addition to their direct antitumor effects, 

225Ac-IA-TLs can potentially be used to enhance the permeability of BBB and BTB for 

effective delivery of systemically administered antitumor therapeutics. 

Introduction 

Glioblastoma (GBM) is the most common and aggressive primary malignant astrocytoma 

which accounts for nearly 15,000 deaths annually (1). GBMs are characterized by 

infiltrating margins, angiogenesis, and micrometastasis that result in residual disease that 
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persists even after treatment, giving rise to aggressive tumors which are often resistant to 

standard therapy (2–4). Surgical resection, external beam radiotherapy, and conventional 

chemotherapy only improve patient survival by a few months. 

Importantly, many chemotherapies and systemically administered anti-GBM 

therapies, which have been shown to be very effective in vitro, are not effective in the 

clinic due to their poor and nonuniform distribution within the central nervous system 

(CNS; refs. 5, 6). The blood–brain barrier (BBB) is a protective vascular architecture 

shown to complicate the effective diffusion of systemically administered therapies into 

the CNS for treating various neurologic disorders (7–13). Therefore, significant efforts 

are being made to design safe and sophisticated strategies to bypass such barriers for 

efficient drug delivery (14–17). Multiple recent studies have shown that exposure to 

external beam radiation enhances BTB permeability in mice bearing orthotopic GBMs 

(18–22). These studies highlight the effect of ionizing radiation on the permeability of the 

BTB and the potential of using targeted molecular radiotherapeutics for this purpose with 

the added benefit of limiting collateral damage to healthy brain tissue. α-Particle 

irradiation is characterized by a short range (50–100mm) and high linear energy transfer 

(80keV/mm), which causes irreparable DNA double strand breaks. Actinium (225Ac) is 

effective for use in such strategies due to its 10-day half-life and the release of four a-

particles upon its decay (23). Targeting α-particles toward tumor-specific cell surface 

receptors can spare healthy brain tissue surrounding tumors (24). While we and others 

have demonstrated the potential of using targeted β-emitting radiotherapy (25), its 

relatively long range energy and significantly lower killing potential make β-emitting 

radioisotopes less attractive than α-particle emitters in resistant brain cancers that exist in 
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the immediate vicinity of normal brain. Tumors are characterized by extensive 

accumulation of fluid due to leaky blood vessels resulting from disorganized angiogenic 

endothelial cells and lack effective lymphatic drainage (26). This property of tumors, 

termed enhanced permeability and retention (EPR), allows nanoparticles to passively 

accumulate within tumor tissue. By targeting liposomes, we can not only deliver 

nanoparticles to tumor tissue passively by EPR, but also actively target them to tumor-

specific cell surface receptors resulting in their retention and internalization (27–29). The 

purpose of this work is to demonstrate the effectiveness of 225Ac-labeled targeted 

liposomes (225Ac-TL) to both enhance the BBB/BTB permeability to systemically 

delivered agents as well as to elicit characteristic double stranded DNA breaks in tumors. 

To accomplish these goals, we targeted liposomes to the well-characterized integrin 

alpha-V beta-3 (αvβ3), which is not only highly expressed on angiogenic endothelial cells 

but also on GBM cells at margins of invasion (30, 31). We therefore developed a small-

molecule integrin antagonist (IA) that we previously reported to strongly bind αvβ3 

integrin and is now in early-stage clinical trials (32–38). We subsequently showed the 

specificity of our targeted liposomes toward integrin αvβ3 using human glioma cell lines 

and human umbilical cord vascular endothelial cells in vitro. This specificity was 

reinforced by demonstrating binding of IA-TLs to the αvβ3-expressing M21human 

melanoma cell line but lack of binding to the control matched M21L cell line, which is a 

stable variant of M21 cell line lacking αvβ3 expression (39). Therefore, for this work, we 

targeted 225Ac-labeled liposomes with IA and examined their effects on enhancing 

BBB/BTB permeability by evaluating the extravasation of systemically administered 

albumin binding dye (Evans Blue dye) and MR contrast (gadopentetic acid) into neural 
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and GBM tissue. Extravasation of Evans Blue dye and gadopentetic acid, which have a 

molecular weight that is similar or higher than that of commonly used chemotherapeutic 

agents, such as temozolomide, indicates that our a-particle–based strategy could 

potentially be used to deliver systemic therapies more effectively to GBMs. 

Materials and Methods 

Animals 

Male immunocompetent and athymic nude mice were purchased from Taconic Farms. 

All colonies were housed in a pathogen-free facility of the Animal Research Program at 

Wake Forest School of Medicine under a 12:12-hour light/dark cycle and fed ad libitum. 

The Institutional Animal Care and Use Committee guidelines for the care and use of 

laboratory animals were followed for all in vivo experiments. 

Cell culture 

U87 MG human GBM cell line was acquired from ATCC in 2008 and cultured 

inDMEMmedia (Corning, NY) supplemented with 10% FBS (Invitrogen) and 1% 

antibiotic–antimycotic (Gibco). Early passage cells were cryopreserved in freezing 

medium containing 5% DMSO (Thermo Fisher Scientific). For our experiments, 

previously cryopreserved early passage U87MGcells were resuscitated and cultured for 2 

weeks before being implanted in vivo in athymic nude mice. Partially polymerized 

liposomes and Actinium-225   

The lipids 1,2-di-(10Z,12Z-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine 

(DiynePE), 1,2-di-(10Z,12Ztricosadiynoyl)- sn-glycero-3-phosphocholine (DiynePC), 

and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were purchased from Avanti 
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Polar Lipids. Inc. and used without further purification. The radioactive tracer Actinium-

225 was obtained from Washington State University (Saint Louis, MO). Functional 

lipids,1,2-di-(10Z,12Z-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine with 

conjugated DOTA (DiynePE-DOTA), 1,2-di(10Z,12Ztricosadiynoyl)-sn-glycero-3-

phosphoethanolamine-PEG-integrin antagonist (DiynePE-PEG-IA) were synthesized and 

confirmed by mass spectrometry. 

Synthesis of IA- and DOTA-attached polymerizable lipids 

To synthesize the monovalent polymerizable IA-lipid, PEG-di(carboxylic acid) linker 

(HOOC(CH2CH2O)n¼2-45COOH)(0.21 mmol) in 15 mL dry dichloromethane was 

treated with 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and 

N-hydroxysuccinimide (NHS) to form NHS ester, which was treated with 1,2-di-

(10Z,12Z-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine (DiynePE, 0.1 mmol, 

Avanti Polar Lipids). The resulted solution was washed with cold brine and purified by a 

flash chromatography to give pure DiynePE-PEGn-NHS. To the lipid solution of 

DiynePE-PEGn-NHS (1 mmol) in anhydrous acetonitrile (5 mL), anhydrous 

dichloromethane (2mL), and triethylamine (1 mL), IA (1.2 mmol) in DMF was added 

with continuous stirring in the dark for 24 hours. The reaction was complete after stirring 

at room temperature for 24 hours according to TLC analysis. The reaction solution was 

evaporated, diluted with water, and dialyzed against water using a dialysis bag (cut-off 

size 1,000kDa) to give pure DiynePE-PEGn-IA. To synthesize DOTA-attached 

polymerizable lipid, DiynePE (22.9 mmol) and triethylamine (22.9 mmol) were dissolved 

in 12 mL of methanol/dichloromethane (10:2, v/v), and S-2-(4-Isothiocyanatobenzyl)-

1,4,7,10-tetraazacyclododecane tetraacetic acid (pSCN-Bn-DOTA) (23.0 mmol, 
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Macrocyclics) was added. The reaction mixture was kept under stirring for 24 hours 

while being protected from light. The reaction solution was washed with brine, dried, and 

precipitated in cold methanol to give pure DiynePE-DOTA. 

Radiolabeling of αvβ3-targeted IA-TLs with 225Ac 

The lipids used in this study include filler lipids (DiynePC and DPPC) and functionalized 

lipids (DiynePE-DOTA, DiynePEPEG-IA). TLs were prepared using the same procedure 

as previously described and the prepared liposomes had a mean diameter of ~100 nm. 

Briefly, lipids were dissolved in 5 mL of chloroform in a 50-mL flask, evaporated under 

reduced pressure to form thin lipid film. The lipid film was rehydrated to form large 

vesicles. The lipid solution was then transferred to a 10 mL LIPEX extruder (Northern 

Lipids Inc.) equipped with two stacked polycarbonate membranes (100-nm pore size) and 

extruded 10 times at 45˚C. The resulting liposomes were then transferred onto a petri dish 

sitting on ice and irradiated under a 254 nm UV light for an hour to produce liposomes. 

The liposomes were then filtered using a 220-nm filter followed by purification with 

Sephadex G50 columns. The nanoparticle size was obtained by dynamic light scattering 

(DLS) using a Nanosizer (Malvern). For 225Ac labeling, the prepared IA-TL-DOTA was 

incubated with 225Ac at 70˚C for 50 minutes. 

Intracranial injection of orthotopic glioblastomas and 225Ac labeled IA-TLs into 

rodents 

Orthotopic GBMs were implanted by stereotactic implantation of 1x105 actively growing 

U87MGhuman GBM cells in athymic nude mice. Mice were weighed and anesthetized 

with a mixture of 114 mg/kg ketamine and 17 mg/kg xylazine. Mice were then placed in 
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a stereotactic setup and a hole was made 2.0mm lateral and 0.5 mm posterior to the 

bregma in the right cerebral hemisphere through a scalp incision. Stereotactic injection 

was performed using a Just for Mice stereotaxic apparatus (Harvard Apparatus), with 

injection of 10-µL syringe (Hamilton) through the hole to a depth of 3.2mm. A Nanomite 

programmable syringe pump (Harvard Apparatus) delivered constant infusion at a rate of 

0.5 μL/minute to a total volume of 5 μL. Ten days post tumor implantation, mice 

received 1µCi of 225Ac-IA-TLs/5 µL and 5 μg of unlabeled IA-TLs/5µL intracranially 

using the same procedures that are mentioned above. All mice received an analgesic 

(Ketaprofen) and were monitored for body weight, ambulatory, feeding, and grooming 

activities. 

Small-animal MR imaging  

Mice were transported to the Wake Forest small-animal imaging facility from the Wake 

Forest animal housing facility following IACUC-approved protocols and anesthetized 

using a mixture of 114 mg/kg ketamine and 17 mg/kg xylazine. Mice were then placed on 

a heating pad and injected with gadopentetic acid intravenously. The mice were then 

placed on a bed and scanned using a 7 Tesla (7T) MRI scanner. Respiratory rate and 

temperature of all animals was constantly monitored during the procedure. 

Intravenous injection of Evans Blue dye and PGLA nanoparticles 

Athymic nude rats and mice were anesthetized using isoflurane and placed on a heating 

pad. The rodent tails were warmed for a few minutes under a heat lamp and Evans Blue 

dye (2%) diluted in 1X PBS was injected intravenously along with (1 mg/mL) of green-

fluorescing PGLA nanoparticles. The animals were then allowed to recuperate under the 
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heat lamp for a few minutes. After a period of 6 hours, the rodents were anesthetized with 

a mixture of 114 mg/kg ketamine and 17 mg/kg xylazine and perfused using IACUC-

approved protocol. 

Extraction and cryopreservation of rodent brains 

Anesthetized mice were transcardially perfused with PBS followed by 4% 

paraformaldehyde (PFA). Extracted brains were postfixed in 4% PFA, cryoprotected in 

gradients of sucrose, covered with tissue-embedding medium, snap frozen in liquid 

nitrogen, and stored at -80˚C. 

Tissue sectioning 

Serial, 20-mm thick, transverse sections of the frozen tissues were obtained using a 

cryostat (MicromHM500, Zeiss) at -20˚C and were mounted on Super Frost Plus 

microscope slides 

(Thermo Scientific) in series of three and were stored at -20˚C. 

IHC 

Sections were dried at room temperature for an hour, rehydrated in PBS, permeabilized 

with 0.5% Triton X-100 (Sigma) in PBS solution and blocked to saturate nonspecific 

antigen sites using 5% (v/v) goat serum-PBS (Jackson Immunoresearch Labs) overnight 

at 4˚C. On the next day, the sections were incubated with 0.05% Tween 20 and incubated 

in anti-γH2A.X antibody (Abcam) for 4 hours. Later, the sections were washed using 

PBS-T and incubated with anti-rabbit Alexa flour 647 for 2 hours in the dark. Later, the 

sections were incubated with Hoechst 33342 (nuclear marker). The sections were then 
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mounted using mounting medium and observed under an inverted fluorescence 

microscope. 

Microscopy 

An inverted motorized fluorescent microscope (OlympusIX81) with an Orca-R2 

Hamamatsu CCD camera (Hamamatsu) and a laser scanning confocal microscope 

(Olympus Fluo-View1200) were used for image acquisition. Camera drive and 

acquisition were performed using a MetaMorph Imaging System (Olympus) and Fluo 

View Viewer 4.2 software (Olympus) were 

used for image acquisition. 

Image analysis 

Images of PLGA fluorescence indicating the permeabilization of the BTB were analyzed 

using ImageJ software. ROIs for measuring the area and intensity of extravasated Evans 

Blue dye, PLGA nanoparticles, and γH2A.X fluorochrome signal were drawn using 

ImageJ software. Olympus Fluo View Viewer 4.2 imaging software was used to analyze 

fluorescence images. 

Statistical analysis 

Data are represented as means ± SEM. One-way ANOVA (for three or more 

experimental groups) and Student t test were performed to assess if experimental groups 

were significantly different from each other. All statistical analyses and graphs were 

generated using GraphPad Prism software. P < 0.05 was considered to be statistically 

significant (*). 
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Results 

Development and radiolabeling of IA-targeted Liposomes (IA-TLs) 

We utilized the liposome formulation previously developed by our group (39). To target 

our liposomes to GBM and associated vasculature, we conjugated a novel small-molecule 

integrin antagonist (IA) that has been shown to target avb3 with a high affinity and a 

more optimal biodistribution compared with peptides (Fig. 1A). We used standard DOTA 

chelation methods to radiolabel our targeted liposome with 225Ac, as we previously 

reported (Fig. 1B; refs. 23, 24). Our radiolabeled 225Ac-IA-TL demonstrated uniform 

size and radiochemical purity (RCP) of 99.6% (Fig. 1C). 

Cy5.5-labeled IA-TLs show tumor specificity in vivo 

To demonstrate GBM-specific targeting of our 225Ac-IA-TLs, groups of mice (n=3) 

bearing avb3-expressing orthotopic GBMs were intracranially infused with Cy5.5-labeled 

targeted and untargeted liposomes. In vivo binding was measured using fluorescence 

imaging performed 2 days (Fig. 2A) and 5 days (Fig. 2B) post liposome infusion. 

Intracranially infused Cy5.5-labeled αvβ3-targeted IA-TL accumulated significantly 

greater within tumor tissue in mice bearing orthotopic GBMs when compared with 

Cy5.5-labeled untargeted liposomes (P < 0.05; Fig. 2C). Importantly, Cy5.5-IA-TLs were 

found to be abundant only within GBM tissue but not in the surrounding normal brain 

(Fig. 2D). This result demonstrated the specificity of targeted IA-TLs toward integrin 

αvβ3-expressing orthotopic tumors and their suitability to test the effects of targeted a-

particle radiation on the BBB/BTB permeability. 
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225Ac-IA-TLs mediate BBB permeability 

To examine the targeted a-particle–mediated BBB permeability over a period of days, 

groups of mice (n=3) intracranially infused with 225Ac-IA-TLs were sacrificed 2 days, 5 

days, and 10 days postinfusion after they were intravenously injected with Evans Blue 

dye. Systemically injected Evans Blue dye does not normally penetrate the BBB and is 

therefore used to measure permeability of systemically injected agents. We observed 

modest BBB permeabilization after 2 days and more extensive Evans Blue dye 

extravasation after 5 days, which steadily increased until 10 days postsurgery (Fig. 3A). 

The area of distribution and intensity of Evans Blue dye were significantly higher in mice 

intracranially infused with 225Ac-IA-TLs when compared with control mice (Fig. 3B and 

C). Control mice intracranially infused with saline (n =3) only showed minimal Evans 

Blue dye extravasation after 2 days, likely due to surgical disruption, which completely 

disappeared at 10 days (Fig. 3). These results indicate that 225Ac-IA-TLs cause BBB 

opening when intracranially infused in vivo. To examine whether there was a dose-

dependent permeability response, we intracranially infused groups of mice (n=5/dose) 

with 0.05 µCi, 0.1 µCi, or 0.5 µCi of 225Ac-IA-TLs. We observed a dose-dependent 

increase in the extravasation of intravenously injected gadopentetic acid (Fig. 4A) and 

Evans Blue dye (Fig. 4B). This confirms the potential of using a-particle–mediated BBB 

permeability to deliver systemically administered agents through the BBB. 
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Figure 1. Development of 225Ac-labeled αvβ3-targeted liposomes (225Ac-IA-TLs). A, PEG-di 

(carboxylic acid) linker (HOOC(CH2CH2O)n=2-45COOH) was conjugated to 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide 

(NHS) to yield pure DiynePE-PEGn- NHS. Monovalent polymerizable IA-lipid was produced by 

conjugating IA with lipid solution of DiynePEPEGn-NHS. B, TLC analysis showing production 

of pure DiynePE-PEGn-IA along with diagrammatic representation of IA-TLs; prepared 

liposomes had a mean diameter of ~100 nm. C, DiynePE was mixed with S-2-(4-

Isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane tetraacetic acid (pSCN-Bn-DOTA) to 

produce pure DiynePE-DOTA. For 225Ac labeling, prepared IA-DOTA-TLs were incubated with 
225Ac at 70⁰C for 50 minutes. Radio-TLC analysis showed effective radiolabeling of targeted 

liposomes with a radiochemical purity of 99.6%. 
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225Ac-labeled IA-TLs enhance BTB permeability in mice bearing orthotopic GBMs 

To examine whether a-particle–mediated BBB permeability extends to the BTB, we 

intracranially infused 225Ac-IA-TLs, unlabeled IA-TLs and saline into tumor tissue of 

mice bearing orthotopic GBMs. Groups of mice (n=3) were sacrificed 2 days and 5 days 

post 225Ac-IA-TLs infusion, after intravenous injection of Evans Blue dye. We observed 

increased BTB permeability in mice infused with 225Ac-IA-TLs when compared with 

mice infused with unlabeled IA-TLs (n=3; Fig. 5A). Upon sectioning the brains, we 

confirmed the greater area of extravasation of Evans Blue dye in mice intracranially 

infused with targeted a-particle therapy compared with mice intracranially infused with 

either unlabeled IA-TLs or saline (Fig. 5B and C). 
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Figure 2. In vivo specificity of cy5.5-IA-TLs towards αvβ3. in vivo fluorescence imaging showing 

tumor accumulation of intracranially infused Cy5.5-labeled αvβ3-targeted nanoparticles (cy5.5-

IA-TL; n=3) and Cy5.5-labeled untargeted nanoparticles (n=3; Cy5.5-UnTLs) 2 days (n=3; A) 

and 5 days (n=3; B) post intracranial infusion. C, Cy5.5-IA-TLs accumulated within GBM tissue 

significantly greater than Cy5.5-UnTLs 2 days and 5 days post intracranial infusion. D, Brain 

sections from mice revealed Cy5.5-IA-TLs to be abundant within GBM tissue. Negligible 

presence of Cy5.5-IA-TLs was found within normal regions of the brain surrounding GBM 

tissue. Data represented as mean ±SEM. Student t test was performed to assess difference 

between experimental groups [*, P<0.05 (significant); ns=not significant)]. 

 

 

Figure 3. 225Ac-IA-TLs causes BBB opening in immunocompetent mice. A, Extravasation of 

intravenously injected Evans Blue dye shows clear BBB opening in immunocompetent mice 

infused with 225Ac-IA-TLs 2 days, 5 days, and 10 days (n=3) when compared with 

immunocompetent mice that were infused with saline (n=3). Yellow arrows indicate site of 

intracranial injection. B and C, Area and intensity of extravasated Evans Blue dye was also found 

to be greater in mice intracranially infused with 225Ac-IA-TLs when compared with mice 

intracranially infused with saline upto 10 days post infusion. 
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Systemic delivery of fluorescent PLGA nanoparticles (300 nm) to exploit α-particle–

enhanced BTB permeabilization 

To examine whether the a-particle–enhanced BTB permeability could be exploited to 

systemically deliver larger sized agents, we injected fluorescent PLGA nanoparticles 

(300 nm in diameter) into orthotopic GBM-bearing mice treated intratumorally with 

225Ac-IA-TLs. Fluorescent PLGA nanoparticles were intravenously injected prior to 

sacrifice to quantify the accumulation of PLGA nanoparticles within GBMs upon BTB 

permeabilization. We observed significantly higher accumulation of PLGA nanoparticles 

within GBM tissue in mice infused with 225Ac-IA-TLs when compared with mice infused 

with unlabeled IA-TLs (n=3/time point; P < 0.05; Fig. 5D). PLGA fluorescence in and 

around GBM tissue was normalized to fluorescence signal from contralateral brain 

regions before analysis. These results demonstrate that 225Ac-IA-TLs also significantly 

enhance BTB permeability to larger systemically injected agents. 

 

Figure 4. 225Ac-IA-TLs permeabilized BBB in immunocompetent mice in a dose dependent 

manner. A, Dose escalation study showed a dose-dependent effect of 225Ac-IA-TLs on BBB 
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permeability in immunocompetent mice intracranially infused with 225Ac-IA-TLs (n=15; 

n=5/dose) indicated by contrast enhancement on MRI. B, Dose-dependent effect of 225Ac-IA-TLs 

on BBB permeability was also confirmed by the extravasation of intravenously injected Evans 

Blue dye. Immunocompetent mice intracranially infused with saline showed no BBB opening 

(n=5). Data represented as mean ± SEM. Student t test and one-way ANOVA was performed to 

assess differences between experimental groups (*, P< 0.05, significant). 

 

 

Figure 5. 225Ac-IA-TLs cause significant enhancement of BTB permeability. A, Extravasation of 

intravenously injected Evans Blue dye showed clear enhancement of BTB permeability in nude 

mice bearing orthotopic glioblastomas that were intracranially infused with 225Ac-IA-TLs 2 days 

(n=3) and 5 days (n=3) postinfusion when compared with mice bearing orthotopic glioblastomas 

that were intracranially infused with unlabeled IA-TLs. B, Brain sections showed extensive 

enhancement of BTB indicated by the extravasation of Evans Blue dye in mice intracranially 

infused with 225Ac-IA-TLs for a period of 5 days when compared with mice intracranially infused 

with unlabeled IA-TLs. C, BTB permeability within untreated GBMs, measured using Evans 

Blue dye permeabilization was found to be similar in mice intracranially infused with saline and 

unlabeled IA-TLs. Area of extravasation of Evans Blue dye was significantly greater in brains of 

mice treated with 225Ac-IA-TLs than in untreated mice. D, Quantification of systemically injected 

fluorescent PLGA nanoparticles showed that α-particle enhanced BTB could potentially be 

exploited to deliver diagnostic and therapeutic agents (n=3/ group). PLGA fluorescence in and 
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around GBM tissue was measured. GBM, GBM tissue; N, Normal brain region surrounding 

GBM tissue. Data represented as mean ±SEM. Student t test and one-way ANOVA was 

performed to assess differences between experimental groups (*, P < 0.001, significant). 

 

α-Particle–induced double-stranded DNA breaks observed at infusion site but not in 

regions further away 

To examine the biological effect of targeted a-particle therapy on GBMs at the site of 

injection and in the surrounding normal brain where we observed enhanced BBB 

permeability, we infused mice with 225Ac-IA-TLs and stained for double stranded DNA 

breaks, a hallmark of a-particle therapy. We observed an abundance of double stranded 

DNA breaks (manifested by γH2A.X staining) at the site of infusion in all mice 

intracranially infused with 225Ac-IA-TLs (n=3/time point) but did not observe significant 

double-stranded DNA breaks in the surrounding regions of normal brain (0.5 mm from 

GBM border) that demonstrated increased BBB/BTB permeability away from infusion 

site (Fig. 6A and B). γH2A.X nuclear signal was found to be significantly higher around 

infusion sites when compared with regions further away (0.5mmfrom GBM border) at 2-

day and 5-day time points (P < 0.05; Fig. 6C). In contrast, we observed negligible 

presence of γH2A.X nuclear signal within untreated orthotopic GBMs in mice (Fig. 6C). 

These results indicate that the catastrophic double stranded DNA damage only occurred 

at the site of infusion (within tumors) but not in the surrounding normal brain where we 

observed enhanced BBB permeability, demonstrating the potential of safely exploiting 

this property for systemically administered therapies to target the areas of brain 

surrounding GBMs that contain infiltrating cells responsible for inevitable recurrences. 
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Figure 6. Double strand DNA breaks present within tumor tissue but absent within surrounding 

tissue showing enhanced vascular permeability. IHC staining of sectioned mouse brains revealed 

the presence of γH2A.X within tumor tissue, indicating α-particle–induced tumor cell killing 2 

days (n=3; A) and 5 days (n=3; B) post intracranial infusion (p.i.) of 225Ac-IA-TLs. C, IHC 

staining of sectioned mouse brains also revealed negligible presence of γH2A. X in normal brain 

tissue surrounding tumors (0.5 mm from GBM border; n=3), indicating absence of double strand 

(ds) DNA breaks within these regions where enhancement in vascular permeability (extravasation 

of Evans Blue dye) was observed. Data represented as mean ± SEM. Student t test and one-way 

ANOVA was performed to assess difference between experimental groups (*, P< 0.001, 

significant). 
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Discussion 

Effective delivery of systemically administered therapeutics to GBMs is a formidable 

challenge due to the blood-brain/tumor barrier, with most small molecules unable to cross 

CNS barriers (40–42). Recurrent disease due to micrometastases that escape exposure to 

therapeutics is a major driver of patient mortality. Designing strategies that allow drugs to 

reach micrometastatic sites and the tumor microenvironment is therefore imperative (43, 

44). In this work, we developed a targeted α-particle platform that we demonstrated can 

target GBM with lethal α-particles and simultaneously enhance BBB and BTB 

permeability toward systemically administered agents. In this study, we showed the in 

vivo specificity of our intracranially infused nanoparticles toward integrin αvβ3-

expressing orthotopic GBMs. Furthermore, we successfully labeled our nanoparticles 

with actinium-225, a potent a-particle emitter. After intracranially infusing our 225Ac-

labeled αvβ3 targeting nanoparticles (225Ac-IA-TL) using convection enhanced delivery 

(CED), we observed enhanced BBB/BTB permeability to systemically administered 

small molecules to larger nanoparticles. CED is a delivery technique that increases the 

effective penetration of drugs into GBM by forcing fluid into the parenchyma and does 

not rely on the limited diffusion of drug after bolus injection. This technique has greatly 

improved over the past few years as novel catheters have been manufactured that 

overcome the shortcomings of early CED clinical trials (45). In addition to the added 

permeability to the BTB after delivering 225Ac-IA-TL via CED, we also observed 

permeability within surrounding normal brain where the micrometastatic invasive disease 

often remains and causes recurrence. Importantly, these areas of normal brain showing 

added permeability did not demonstrate widespread DNA damage caused by targeted α-
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particles, indicating translational relevance. Although tumors are characterized by 

disorganized and leaky vasculature, the highly torturous nature of the tumor vessels and 

rigidity of tumor associated stroma make it difficult for drugs to extravasate and diffuse 

into tumor tissue (46). Our results increase our knowledge of the effects of molecular 

targeted radiation on BBB/BTB permeability. Furthermore, we are currently studying the 

translational potential of using targeted a-particles to enhance the delivery of systemically 

administered drugs that do not cross the BBB, that are currently being used in clinic for 

other malignancies. When we examined for the presence of double strand DNA breaks, 

we observed greater subnuclear γH2A.X accumulation in GBM cells around the infusion 

site and an absence of γH2A.X in distal regions of normal brain (0.5mmfrom GBM 

border) where enhanced vascular permeability was observed. This demonstrates that even 

though the presence of double strand DNA breaks are limited to GBM tissue, its effect on 

BTB/BBB permeability is extended even to areas further away within the normal brain. 

While not the focus of this work, this demonstrates the potential therapeutic effect of our 

strategy of using 225Ac-IA-TLs to elicit double strand DNA breaks in GBM tissue but not 

within normal brain. Further studies are now underway to evaluate the direct therapeutic 

effect of 225Ac-IA-TLs alone and in combination with systemically administered 

therapies. 

Conclusions 

225Ac-IA-TLs enhanced the permeability of BBB and BTB in vivo and elicited double 

strand DNA breaks within GBMs. These characteristics justify further ongoing studies to 

validate 225Ac-IA-TLs as a candidate therapeutic that can potentially be exploited to 

effectively deliver other systemic therapeutics across the BBB and BTB to GBM. 
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Abstract 

Glioblastoma (GBM), an aggressive grade IV astrocytoma, is the most common primary 

malignant adult brain tumor characterized by extensive invasiveness, heterogeneity, and 

angiogenesis. Standard treatment options such as radiation and chemotherapy have 

proven to be only marginally effective in treating GBM because of its invasive nature. 

Therefore, extensive efforts have been put forth to develop tumor-tropic stem cells as 

viable therapeutic vehicles with potential to treat even the most invasive tumor cells that 

are harbored within areas of normal brain. To this end, we discovered a newly described 

NG2-expressing cell that we isolated from a distinct pericyte subtype found abundantly in 

cultures derived from peripheral muscle. In this work, we show the translational 

significance of these peripherally derived neural-like stem cells (NLSC) and their 

potential to migrate toward tumors and act as therapeutic carriers. We demonstrate that 

these NLSCs exhibit in vitro and in vivo GBM tropism. Furthermore, NLSCs did not 

promote angiogenesis or transform into tumor-associated stromal cells, which are 

concerns raised when using other common stem cells, such as mesenchymal stem cells 

and induced neural stem cells, as therapeutic carriers. We also demonstrate the potential 

of NLSCs to express a prototype therapeutic, tumor necrosis factor α-related apoptosis-

inducing ligand and kill GBM cells in vitro. These data demonstrate the therapeutic 

potential of our newly characterized NLSC against GBM.  

Stem Cells Translational Medicine 2017;6:471–481 
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Significance Statement 

Radiation and chemotherapy have failed to cause significant therapeutic benefit in 

glioblastoma patients because of their limitations. This has spurred investigations into the 

use of engineered stem cells to deliver antitumor drugs as a complementary strategy. This 

study reports that neural-like stem cells isolated from skeletal muscles show tumor-

tropism and can be engineered to secrete therapeutics but do not form tumors and do not 

transform into tumor- associated cells or cause angiogenesis, in contrast to commonly 

used stem cells. These advantages coupled with the therapeutic potential of neural-like 

stem cells highlights their ability to be used as therapeutic carriers against glioblastomas. 

Introduction 

Glioblastoma (GBM) is an aggressive primary malignant astrocytoma characterized by 

infiltrating margins and angiogenesis. GBMs are a heterogeneous mixture of tumor and 

normal cells including activated macrophages and fibroblasts [1], [2]. GBM often recurs 

because of invasive tumor cells and micrometastasis, which persist upon treatment and 

subsequently form aggressive tumors that are resistant to standard therapy. Standard 

treatment options such as surgical resection and wide local radiotherapy only marginally 

improve patient survival, but the exposure of healthy brain tissue to radiation causes a 

decline in cognition as well as other severe neurological complications [3]. 

Although GBM is often characterized by extensive angiogenesis, systemic delivery of 

chemotherapeutics has been disappointing because of the protective nature of the blood-

brain barrier and highly tortuous structure of newly formed tumor blood vessels [4]. 

Because of the ineffectiveness of existing treatment options, extensive research is being 

http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0001
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0002
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0003
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0004
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carried out in the use of targeted cytotoxins, small molecules, redirected T cells, and stem 

cell-based therapies against GBM [5], [6]. 

Studies suggest the role of stem and progenitor cells in the initiation and maintenance of 

various tumor types including GBM [7]. Migration of stem cells to the tumor 

microenvironment has been attributed to their affinity to tumor-secreted cytokines and 

intratumoral hypoxic regions [8]. Neural stem cells (NSCs) showed therapeutic potential 

due to their GBM-homing properties when transplanted locoregionally in various studies, 

yet the implausibility of isolating autologous NSCs from GBM patients severely limits 

their translational potential [9]. Therefore, peripherally derived stem cells and genetically 

reprogrammed cells are being commonly used for stem cell therapies. Genetically 

engineering GBM-tropic stem cells would allow for systemic or locoregional delivery of 

therapeutics to various tumors, and such alternate treatment strategies are currently 

undergoing clinical testing after showing promise in preclinical studies. 

Mesenchymal stem cells (MSCs) are the most commonly used peripherally derived stem 

cells as therapeutic carriers and show great advantage in their ease of isolation and 

culture in vitro [10]. However, potential drawbacks of using MSCs as therapeutic carriers 

are that naïve and genetically engineered MSCs promote angiogenesis and tumor 

progression by transforming into tumor-associated fibroblasts (TAFs) [11], [12]. In 

addition to peripherally derived stem cells, induced pluripotent stem cells and induced 

neural stem cells have also shown promise in their migratory capability toward tumors in 

preclinical studies, yet there is concern owing to the possibility that they can form tumors 

or aid established tumor growth upon being exposed to tumor exosomes, morphogens, 

and cytokines within the tumor microenvironment. 

http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0005
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0006
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0007
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0008
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0009
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0010
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0011
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In this study, we examined the GBM tropism of newly isolated neural-like stem cells 

(NLSC), recently discovered by our group in skeletal muscle cultures of transgenic mice 

using orthotropic GBM mouse models. Our results also show that NLSCs do not promote 

angiogenesis or transform into TAFs. We further showed the ability to genetically 

engineer NLSCs to secrete a prototype therapeutic and thus highlight their potential to 

deliver antitumor therapeutics. NLSCs may therefore show a significant advantage over 

other commonly used stem cells for their use as carriers of anti-GBM therapeutics. 

Materials and Methods 

Animals 

Our colony of Nestin-green fluorescent protein (GFP) transgenic mice were maintained 

homozygous for the transgene on the C57BL/6 genetic background (Grigori Enikolopov, 

Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, https://www.cshl.edu). For 

transplantation experiments, male athymic nude mice were purchased from Taconic 

Farms (Hudson, NY, http://www.taconic.com). All colonies were housed in a pathogen-

free facility of the Animal Research Program at Wake Forest School of Medicine under a 

12:12-hour light/dark cycle and fed ad libitum. 

Isolation and Dissociation of Flexor Digitorum Brevis Muscle 

Flexor digitorum brevis muscles from Nestin-GFP transgenic C57BL/6 mice were 

excised and used to culture Nestin-GFP+NLSCs. Flexor digitorum brevis muscles were 

dissected after carefully separating them from their surrounding connective tissue. The 

muscles were then minced and digested by gentle agitation in 0.2% (wt/vol) type 2 

collagenase (Worthington Biochemical, Lakewood, NJ, http://www.worthington-

https://www.cshl.edu/
http://www.taconic.com/
http://www.worthington-biochem.com/
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biochem.com) diluted in Krebs solution at 37°C for 2 hours. Later, they were 

resuspended in growth medium and dissociated by gentle trituration. 

Isolation of Homogenous Population of GFP+ NLSCs From Transgenic Nestin-

GFP+C57BL/6 Mice Using Fluorescence-Activated Cell Sorting 

Fluorescence-activated cell sorting (FACS) was performed 14 days after flexor digitorum 

brevis muscle dissociation to isolate Nestin-GFP+ NLSCs. Cultured flexor digitorum 

brevis muscle-derived cells were washed with phosphate-buffered saline (PBS) and 

treated with 0.25% trypsin/0.05% EDTA (Thermo Fisher Scientific Life Sciences, 

Waltham, MA, http://www.thermofisher.com) to isolate them in a suspension. We 

applied mechanical trituration using fire-polished glass pipettes to increase cell 

dissociation. Cells were centrifuged at 1,000 rpm for 5 minutes, and the pellet was 

resuspended in Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher). 

Aggregates were removed by passing them through a 40-μm cell strainer (BD 

Biosciences, East Rutherford, NJ, https://www.bdbiosciences.com) prior to sorting. 

FACS was carried out on a FACS Aria Sorter (BD Biosciences) at 4°C and a pressure of 

20 ψ, using a laser at the 488-nm line, a 530/30 band-pass filter, a 100-μm sorting tip, and 

a 34.2-kHz drive frequency, sterilized with 10% bleach. Data acquisition and analyses 

were performed by using BD FACS Diva 5.0.3 software, gated for a high level of GFP 

expression. Cells were sorted twice to attain a highly pure GFP+ population and were 

analyzed after sorting to confirm that all were GFP+. 

http://www.worthington-biochem.com/
http://www.thermofisher.com/
https://www.bdbiosciences.com/
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Homogenous Population of NLSCs Can Be Isolated From Skeletal Muscle of 

Transgenic Nestin-GFP+C57BL/6 Mice Using Antinerve Growth Factor Receptor 

(p75) Antibody-Based FACS 

Nestin-GFP+ NLSCs were isolated as mentioned earlier and cultured for 14 days in 

laminin-coated dishes containing growth media. Cells were removed from the flask using 

Versene (Thermo Fisher), counted, spun down at 5,000 rpm for 5 minutes in microfuge 

tubes, and resuspended in 100 µl 1% PBS-bovine serum albumin (BSA) per 2 × 105 cells. 

Aggregates were removed by passing them through a 40-μm cell strainer prior to sorting. 

Cells were then incubated on ice for 1 hour and later labeled with 5 μg/ml of rabbit 

antinerve growth factor receptor (anti-NGFR) antibody (Advanced Targeting Systems, 

San Diego, CA, http://atsbio.com) for 2 hours. After three washings with 1% PBS-BSA, 

cells were labeled with Alexa Fluor 647 anti-rabbit antibody (Thermo Fisher) for 1 hour 

in the dark on ice. After three washings with 1% PBS-BSA, cells were resuspended in 

1% PBS-BSA and sorted using a FACS Aria Sorter. Data acquisition and analyses were 

performed using BD FACS Diva 5.0.3 software. 

In Vitro Migration Assay 

NLSCs were plated on the upper layer of cell-permeable fluorescent filters of a 24-well 

transwell plate coated with Matrigel (BD Biosciences). Chambers below the filters were 

filled with conditioned media from G26H2 murine glioblastoma cell line and serum-free 

media. After an incubation period of 24 hours at 37°C, chemotaxis of NLSCs toward 

GBM cell line conditioned media was evaluated by counting the number of GFP+ cells on 

the plate surface using a fluorescence microscope. 

http://atsbio.com/
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In Vivo Migration of GFP+ NLSCs Toward DsRed+ U87 Human Glioblastoma 

Orthotropic glioblastomas were implanted by stereotaxic implantation of 2 × 105 actively 

growing DsRed+U87 glioma cells in nude mice. Briefly, mice were weighed and 

anesthetized with a mixture of 114 mg/kg ketamine and 17 mg/kg xylazine. Mice were 

placed in a stereotaxic setup, and a hole was made 2 mm lateral and 0.5 mm posterior to 

the bregma in the right cerebral hemisphere through a scalp incision. Stereotaxic injection 

was performed using a Just for Mice stereotaxic apparatus (Harvard Apparatus, Holliston, 

MA, http://www.harvardapparatus.com), with injection using a 10-µl syringe (Hamilton, 

Reno, NV, http://www.hamiltoncompany.com) through the hole to a depth of 3.2 mm. A 

Nanomite programmable syringe pump (Harvard Apparatus) delivered constant infusion 

at a rate of 0.5 µl/min to a total volume of 5 µl. All mice received an analgesic 

(ketaprofen) and were monitored for body weight and ambulatory, feeding, and grooming 

activities. Seven days’ posttumor implantation, 5 × 105 Nestin-GFP+ NLSCs were 

implanted 2 mm apart from the tumor location using the same stereotactic apparatus and 

injection rate as the cell implantations. Mice were monitored for loss of weight and were 

euthanized after they had lost 25% of body weight according to institutional animal care 

and use committee guidelines. Brains for these mice were extracted, sectioned, and 

observed under a fluorescence microscope to visualize migration of implanted 

GFP+ NLSCs toward established orthotopic DsRed+ tumors. 

Formation of Endothelial Tubular Network In Vitro 

Endothelial tubular network formation assay to compare angiogenic potential of NLSCs 

to MSCs was performed, as has been described earlier [13]. After overnight incubation at 

http://www.harvardapparatus.com/
http://www.hamiltoncompany.com/
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0013
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4°C, 150 µl of growth factor-reduced Matrigel was transferred to a 48-well plate on ice. 

After incubating the plate at 37°C for 30 minutes to allow gel formation, 4 × 105 human 

umbilical vein endothelial cells (HUVECs) were diluted in cell culture medium, and 500 

µl of the cell suspension was transferred to each well of the 48-well plate. HUVECs were 

cocultured with 1.5 × 105 purified GFP+ human MSCs and 1.5 × 105 purified NLSCs. 

HUVECs cultured alone were used as a control, and the plate was incubated at 37°C for 3 

hours. After incubation, culture medium was gently removed, and 150 µl of additional 

Matrigel was added to form a sandwich, which was finally covered with 500 µl of culture 

medium. After 10 days, formation of endothelial tube networks was observed under a 

microscope. 

Matrigel Plug Assay 

Matrigel plug assay was performed, as has been described earlier [14]. We suspended 4 × 

106 HUVECs with purified GFP+ human MSCs and NLSCs (5 × 105) in 500 µl of cell 

culture medium. The cell suspensions were mixed with 500 µl of precooled growth 

factor-reduced Matrigel at a ratio of 1:1 at 4°C. One milliliter of this mixture was injected 

subcutaneously into the dorsal region of 2- to 3-month-old nude mice to generate 

Matrigel plugs. After 2 weeks, plugs were recovered; blood vessel formation was 

compared by observing them under a microscope. 

Fibrogenic Induction In Vitro 

Dishes were coated with 1 ml of precooled laminin (0.02 mg/ml) and incubated at 37°C 

for 3 hours. After incubation, remaining laminin was removed. Two milliliters of 

differentiation medium (DMEM-high glucose [Corning, Manassas, 

http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0014
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VA, https://www.corning.com], supplemented with 2% horse serum, 1% penicillin-

streptomycin [Pen-Strep] [both Thermo Fisher], and 2.5 ng/ml transforming growth 

factor [TGF]-β1 [Sigma-Aldrich, St. Louis, MO, https://www.sigmaaldrich.com]) was 

added to each dish. We transferred 2.25 × 104human MSCs and 2.25 × 104 NLSCs to 

separate dishes. 

Immunocytochemistry 

After incubating the dishes at 37°C for 10 days, cells were fixed in 4% paraformaldehyde 

(PFA) for 30 minutes, permeabilized in 0.5% Triton X-100 (Sigma-Aldrich), and blocked 

using 5% (v/v) goat serum-PBS overnight (Jackson Laboratories, Bar Harbor, 

ME, https://www.jax.org) at 4°C. Next day, cells were incubated with α-smooth muscle 

actin (SMA) (Abcam, Cambridge, U.K., http://www.abcam.com) and collagen type 1 

(Bio-Rad, Raleigh, NC, https://www.bio-rad-antibodies.com) primary antibodies at room 

temperature for 4 hours and visualized by incubating for 2 hours with species-specific 

secondary antibody conjugated with Alexa Fluor 568 (Thermo Fisher) at 1:1,000 at room 

temperature in the dark. Dishes were counterstained with Hoechst 33342 at 1:2,000 

dilution (Thermo Fisher) and examined under a fluorescent microscope. 

Tumor Necrosis Factor α-Related Apoptosis-Inducing Ligand mCherry Secretion 

In order to demonstrate the capability of NLSCs to be engineered for therapeutic 

purposes, we transfected NLSCs with a plasmid to induce expression of tumor necrosis 

factor α-related apoptosis-inducing ligand (TRAIL)-mCherry. NLSCs were cocultured 

with U251-Luc GBM cell line in a six-well plate, and the cytotoxic effect due to the 

https://www.corning.com/
https://www.sigmaaldrich.com/
https://www.jax.org/
http://www.abcam.com/
https://www.bio-rad-antibodies.com/
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successful expression of TRAIL-mCherry by NLSCs was examined by counting the 

number of viable Luc+ GBM cells and total luciferin signal in each well after 24 hours. 

Microscopy 

An inverted motorized fluorescent microscope (Olympus IX81; Olympus, Tokyo, 

Japan, http://www.olympus-global.com) with an Orca-R2 Hamamatsu CCD camera 

(Hamamatsu Phototonics, Hamamatsu, Japan) and a laser scanning confocal microscope 

(Olympus FluoView1200; Olympus) were used for image acquisition. Camera drive and 

acquisition were performed using a MetaMorph Imaging System (Olympus), and Fluo 

View Viewer 4.2 software was used for image acquisition. 

Cell Culture 

NLSCs were grown on laminin-coated dishes in DMEM-high glucose, supplemented 

with 2% l-glutamine, 1% Pen-Strep, 10% (vol/vol) horse serum (all Thermo Fisher), and 

0.5% (vol/vol) CEE (Gemini Bio-Products, West Sacramento, 

CA, http://www.gembio.com). G26-H2 murine glioblastoma cell line, GFP+ human 

mesenchymal stem cells, and DsRed+ U87 cells were cultured in DMEM-high glucose 

media, supplemented with 10% fetal bovine serum (Thermo Fisher) and 1% Pen-Strep 

(Thermo Fisher). HUVECs were cultured in Medium 200 (Thermo Fisher). 

Cryopreservation 

Mice were anesthetized, transcardially perfused with PBS, and followed by 4% PFA. 

Brains were removed, postfixed in 4% PFA, cryoprotected in 30% sucrose, covered with 

tissue embedding medium, snap frozen in liquid nitrogen, and stored at −80°C. 

http://www.olympus-global.com/
http://www.gembio.com/
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Statistical Analysis 

Results were expressed as mean ± SEM, and statistical significance was assessed using 

Student's t test with GraphPad Prism. We considered p < .05 as significant, and p < .01 as 

highly significant. 

Results 

Homogenous Population of NLSCs Can Be Isolated From Skeletal Muscles of 

Transgenic Nestin-GFP+ C57BL/6 Mice Using Endogenous GFP-Based FACS 

We initially isolated NLSCs, which were the only GFP+ cells in cultures of skeletal 

muscles derived from transgenic Nestin-GFP+ mice using FACS [15][16][17]. Flexor 

digitorum brevis (FDB) muscle cell cultures derived from transgenic Nestin-GFP+ mice 

were allowed to grow for 14 days, after which we performed FACS to isolate GFP-

expressing NLSCs. Initially, the skeletal muscle cell population was heterogeneous with 

a mixture of GFP+ and GPF− cells (Fig. 1A). Following GFP expression-based FACS, a 

pure cell population of Nestin-GFP+ NLSCs was obtained (Fig. 1A) and extensively 

characterized in our prior work [15]. The FACS histograms illustrate the purity of the 

isolated NLSC population and affirm that our results in subsequent experiments are 

attributed exclusively to the properties of peripherally derived NLSCs (Fig. 1B). After 

double FACS, GFP+ cells were reanalyzed under a fluorescence microscope and used for 

further experiments. 

http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0015
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0016
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0017
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0001
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0001
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0015
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0001
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Figure 1. Isolation of Nestin-GFP+ neural-like stem cells (NLSCs) from FDB muscle cultures 

derived from Nestin-GFP transgenic mice. (A): Unsorted FDB-derived cell culture is shown in 

the left panel. NLSCs are green; all cells are counterstained with Hoechst nuclear stain (blue 

color). The merged picture (left panel) shows the abundance of Nestin-GFP+ cells in the 

heterogeneous cell mixture derived from FDB muscles. Homogenous population of Nestin-

GFP+ NLSCs post FACS is shown in the right panel. NLSCs are green and counterstained with 

Hoechst nuclear stain (blue color). Scale bars = 100 μm. (B): Representative histograms for FDB 

culture before and after FACS. Histograms show the purity of the obtained GFP+ cell population. 

Abbreviations: FACS, fluorescence-activated cell sorting; FDB, flexor digitorum brevis; GFP, 

green fluorescent protein. 

 

Homogenous Population of NLSCs Can Be Isolated From Skeletal Muscle Using 

Anti- NGFR (p75) Antibody-Based FACS 

NGFR expression was found to be unique to Nestin-GFP+ NLSC population in 

heterogeneous cell cultures derived from FDB muscles of Nestin-GFP+ transgenic mice 

in our previous studies [17]. Confocal imaging of skeletal muscle cultures stained with 

anti-NGFR antibody conjugated to Alexa Fluor 647 showed that NGFR expression was 

http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0017
http://onlinelibrary.wiley.com/enhanced/figures/doi/10.5966/sctm.2016-0007#figure-viewer-sct312077-fig-0001
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unique to GFP+ NLSCs and absent on non-GFP+ cells (Fig. 2A). We therefore examined 

the potential to isolate NLSCs from heterogeneous skeletal muscle cell cultures by flow 

cytometry using only anti-NGFR antibody. We successfully isolated a distinct population 

of NGFR+/GFP+ cells from skeletal muscle tissue cultures of Nestin-GFP+ transgenic 

mice. Further FACS analysis indicated that the colocalization of NGFR antibody was 

exclusively to Nestin-GFP+ cells (Fig. 2B). This result shows that a homogeneous 

population of NLSCs can be isolated by solely using NGFR-based FACS without having 

to rely on the expression of a reporter gene, thereby highlighting clinical compatibility. 

 

Figure 2. Isolation of GFP+ neural-like stem cells (NLSCs) from Nestin transgenic mice using 

NGFR (p75) antibody. (A): Labeling of flexor digitorum brevis (FDB) muscle-derived NLSCs in 

culture with NGFR (p75) antibody. NLSCs are green owing to expression of GFP; NGFR 

antibody was detected using Alexa Fluor 647 secondary antibody (red color); all cells were 

counterstained with Hoechst nuclear stain (blue color). The merged picture shows the expression 

of NGFR, only on GFP+ NLSCs in the heterogeneous cell mixture derived from FDB muscles. 

This shows that NLSCs from nontransgenic animals can potentially be isolated using nerve 

growth factor cell surface receptor specific antibody (×20 magnification). (B): Representative 

histograms for FDB cultures before and after NGFR antibody-based FACS. Histograms show 

purity of the obtained NGFR+ cell population. (C): Dot plot analysis showed a distinct 

http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0002
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0002
http://onlinelibrary.wiley.com/enhanced/figures/doi/10.5966/sctm.2016-0007#figure-viewer-sct312077-fig-0002
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GFP+/NGFR+ population. Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; FACS, 

fluorescence-activated cell sorting; GFP, green fluorescent protein; NGFR, nerve growth factor 

receptor. 

 

Neural-Like Stem Cells Show Tumor-Tropic Behavior In Vitro 

To initially demonstrate tumor tropism of our NLSCs, we performed an in vitro migration 

assay, as has been described previously [18]. We incubated NLSCs with conditioned 

media from the G26H2 mouse glioblastoma cell line, the U87 human glioblastoma cell 

line, and control media. After 24 hours, we observed that the number of GFP+ NLSCs 

detected on the surface of wells containing glioma-conditioned media were almost double 

when compared with control wells (Fig. 3A, 3B). This demonstrated the in vitro 

chemotactic affinity of NLSCs toward cytokines secreted by glioma cells. This tumor-

tropic nature of our NLSC population indicates the potential of NLSCs to be used as 

cellular delivery vehicles for anticancer therapeutics. 

http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0018
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0003
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0003
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Figure 3. Neural-like stem cells show tumor-tropic behavior in vitro and in vivo. (A): Nestin-

GFP+ NLSCs in glioblastoma-conditioned medium and control medium postmigration. NLSCs 

are green owing to expression of GFP under control of the Nestin promoter. Significant migration 

of GFP+ NLSCs toward G26H2-conditioned media and U87-conditioned media was observed 

when compared with their migration toward control media. Scale bars = 10 μm. (B): Graphical 

form of migration shown in panel A. Data are expressed as mean ± SEM (n = 3). The results 

indicated chemotactic behavior of Nestin-GFP+ NLSCs toward cytokines secreted by G26H2 

glioblastoma cell line. ∗, p < .05, Student's t test. (C): Fluorescence imaging of brain sections 

showing that intracranially injected GFP+ NLSCs (green) migrate toward orthotropic DsRed+ U87 

tumors in vivo. Scale bars = 100 μm. (D): Extensive migration of GFP+ NLSC to site of 

DsRed+ U87 tumors was observed. Images show presence of migrated NLSCs within the tumor 

and its infiltrates. Scale bars = 100 μm. Abbreviations: GFP, green fluorescent protein; NLSC, 

neural-like stem cells. 

 

 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.5966/sctm.2016-0007#figure-viewer-sct312077-fig-0003
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Neural-Like Stem Cells Show Tumor-Tropic Behavior In Vivo 

To demonstrate in vivo tumor tropism of our NLSCs, we examined the potential of 

intracranially injected peripherally derived NLSCs to migrate and infiltrate orthotropic 

GBM in vivo. NLSCs were implanted 2 mm adjacent to orthotropic DsRed+ U87 human 

glioblastoma tumors in nude mice. We observed extensive migration of our NLSCs 

toward the DsRed fluorescent tumors (Fig. 3C). We also observed NLSCs migrating 

precisely into the tumor projections (Fig. 3D). This confirmed the in vivo tumor tropism 

of NLSCs and their potential as therapeutic vehicles. 

NLSCs Do Not Stimulate Endothelial Tube Network Formation In Vitro 

We investigated the potential of NLSCs to form endothelial tube networks in vitro when 

cocultured with HUVECs, as other stem cells, such as MSCs, have been shown to 

contribute to tumor angiogenesis. In contrast to what we observed with human and 

murine MSCs, we did not observe endothelial tip sprouting and stable vascular tube 

network in cultures of NLSCs and HUVECs (Fig. 4A). As was expected, control wells 

with HUVECs cultured alone formed unstable tube networks, which disappeared after a 

few days. These results show that our peripherally derived NLSCs do not stimulate 

HUVECs to form vessel-like structures in vitro, in contrast to human and murine MSCs. 

http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0003
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0003
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0004
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Figure 4. NLSCs do not stimulate endothelial tube network formation in vitro or in 

vivo. (A): Human MSCs (green) and murine MSCs cocultured with HUVECs for 14 days in 

Matrigel-coated plates formed endothelial tubular structures. GFP+ NLSCs (green) cocultured 

with HUVECs under the same experimental conditions did not form endothelial tubular 

structures. The results show that HUVECs were stimulated by MSCs to form vascular structures 

in vitro, but in contrast, HUVECs were not stimulated to form such structures by NLSC. Scale 

bars = 100 μm. (B): Matrigel plugs extracted after 2 weeks from nude mice show contrasting 

vascularization. Matrigel plug containing NLSCs plus HUVECs shows no vascularization, 

whereas Matrigel plug containing MSCs plus HUVECs shows extensive 

vascularization. (C): GFP+ NLSCs inside the same Matrigel plug are observed under a 

fluorescence microscope (×4 and ×10 magnifications). Abbreviations: GFP, green fluorescent 

protein; h, human; HUVEC, human umbilical vein endothelial cell; MSC, mesenchymal stem 

cells; NLSC, neural-like stem cells. 

 

 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.5966/sctm.2016-0007#figure-viewer-sct312077-fig-0004
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NLSCs Do Not Contribute to Blood Vessel Formation In Vivo 

In order to evaluate the angiogenic potential of NLSCs in vivo, we performed a standard 

Matrigel plug assay [14] by coincubating GFP+ MSCs or GFP+ NLSCs with HUVECs in 

Matrigel plugs, which were implanted subcutaneously in nude mice. Mice were 

monitored for 2 weeks to allow for the formation of vascular structures and later 

euthanized. We subsequently observed negligible blood vessel formation in Matrigel 

plugs containing HUVECs and NLSCs (Fig. 4B), despite the fact that fluorescence 

imaging showed abundant GFP+ NLSCs in the Matrigel plug (Fig. 4C). In contrast, we 

observed significant vessel formation in Matrigel plug- containing HUVECs and MSCs 

(Fig. 4B). These results demonstrate that our peripherally derived NLSC population does 

not stimulate HUVECs to form blood vessels in vivo, in contrast to MSCs. 

NLSCs Do Not Differentiate Into Tumor-Associated Fibroblasts 

Murine NLSCs and MSCs were incubated with media containing TGF-β1 to check for 

differentiation into TAFs. As was expected, we found enhanced expression of α-SMA, 

collagen type 1 surface marker, and FAP-1 in murine MSCs when exposed to TGF-β1-

containing medium (Fig. 5A). In contrast, we did not observe the expression of FAP-1, α-

SMA, or collagen type 1 cell surface markers on our NLSC population (Fig. 5B). These 

results indicate that our peripherally derived NLSCs do not transform into TAFs, which 

have been shown to contribute to tumor aggressiveness [19]. 

http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0014
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0004
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0004
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0004
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0005
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0005
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0019
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Figure 5. NLSCs do not differentiate into tumor-associated fibroblasts. (A): Expression of 

αSMA, collagen type 1, and fibroblast-associated protein cell surface markers by murine MSCs in 

vitro upon stimulation by TGF-β-supplemented media was observed under a fluorescence 

microscope using immunocytochemistry. Scale bars = 50 μm; ×20 magnification. (B): Absence 

of αSMA, collagen type 1, and fibroblast-activated protein-1 cell surface marker on GFP+ NLSCs 

after stimulation by TGF-β-supplemented media. Scale bars = 100 μm; ×10 magnification. 

Abbreviations: FAP, fibroblast-associated protein; GFP, green fluorescent protein; m, murine, 

MSC, mesenchymal stem cells; NLSC, neural-like stem cells; αSMA, α smooth muscle actin; 

TGF, transforming growth factor. 

 

NLSCs Can Be Genetically Engineered to Express a Prototype Therapeutic 

NLSCs were infected with a lentivirus containing the TRAIL transgene, coexpressed with 

a mCherry reporter gene. We demonstrate expression of transgene via mCherry 

fluorescence (Fig. 6A), confirming our ability to genetically engineer NLSCs for 

therapeutic purposes. To evaluate the antitumor activity of NLSCs expressing mCherry-

http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0006
http://onlinelibrary.wiley.com/enhanced/figures/doi/10.5966/sctm.2016-0007#figure-viewer-sct312077-fig-0005


 
 

175 
 

TRAIL, we cocultured TRAIL-engineered or control NLSCs together with luciferase-

expressing GBM cells. After 24 hours, we observed a significant decrease in 

bioluminescence signal and GBM cell number in wells containing cocultures of GBM 

cells and TRAIL-expressing NLSCs, but not in controls (Fig. 6B, 6C). Furthermore, we 

found significantly increased poly ADP ribose polymerase cleavage in cells cocultured 

with TRAIL-expressing NLSCs (Fig. 6D), an indication of TRAIL-induced apoptosis 

[20]. These results show the potential ability of NLSCs to be genetically engineered and 

used as therapeutic carriers against glioblastomas. 

 

Figure 6. NLSCs can be genetically engineered for therapeutic purposes. (A): TRAIL-mCherry 

expression by engineered NLSC. NLSCs were transfected with a plasmid encoding TRAIL-

mCherry under the control of the cytomegalovirus promoter. Scale bars = 10 μm. (B): Cytotoxic 

effect of TRAIL-expressing NLSCs against U251 cell line measured by the luminescence signal 

from culture plates. ****, Significant reduction (p < .001) in the luminescence signal from U251 

http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0006
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0006
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-fig-0006
http://onlinelibrary.wiley.com/doi/10.5966/sctm.2016-0007/full#sct312077-bib-0020
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cultures containing engineered NLSCs was observed when compared with control 

cultures. (C): Cytotoxic effect of TRAIL-expressing NLSCs against U251 cell line measured by 

counting the number of viable U251 cells. ***, Significant decrease (p < .001) in the number of 

viable U251 cells was observed in cultures containing engineered NLSCs when compared with 

control cultures. (D): Western blotting showed the presence of cleaved PARP, which is an 

indication of TRAIL-induced apoptosis in U251 cultures containing engineered NLSCs. Cleaved 

PARP was not detected in control cultures. Abbreviations: CTRL, control; GBM, glioblastoma; 

GFP, green fluorescent protein; NLSC, neural-like stem cells; PARP, poly ADP ribose 

polymerase; TRAIL, tumor necrosis factor-(TNF)-α-related apoptosis-inducing ligand. 

 

Discussion 

Tumor microenvironments are often characterized by extracellular signaling networks, 

which are involved in the recruitment of various stem cells [21]. Many systemically 

administered chemotherapeutics have been disappointing against GBM, because of 

ineffective concentrations reaching infiltrating tumor cells. This problem has been 

attributed to the vascular impediments of the blood-brain barrier and the complex 

vascular networks of tumor microenvironments. Therefore, many groups have 

investigated engineered stem cells to deliver drugs into the tumor microenvironment as a 

complementary strategy [22]. 

We recently discovered a new pure population of neural-like stem cells derived 

from muscle pericytes. Pericytes are multipotent cells found around vessels of all tissue 

types and are generally categorized within the classification of mesenchymal stem cells 

[23]. Pericytes, as a heterogeneous group, have been shown to have the potential to 

differentiate into various lineages, including myogenic, adipogenic, osteogenic, 

chondrogenic, and endothelial [18], [24][25][26][27]. We recently demonstrated for the 

first time that there are two distinct pericyte subtypes by using transgenic mice that 

express GFP and red fluorescent protein under the Nestin and NG2 promoters. Using our 
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unique double transgenic mice, we found that some pericytes express only NG2 (type 1 

pericytes), whereas other pericytes express both NG2 and Nestin (type 2 pericytes) [15], 

[17], [28], [29]. Of great significance, we discovered that these two pericyte subtypes 

differentiate into distinct lineages (Fig. 7) [23], [30], [31]. Importantly, we found that 

type 2 pericytes can be differentiated into a “neural-like” stem cell (NLSC) similar to 

NG2 glia after a few days in culture under specialized conditions and give rise to cells 

that (a) express a number of specific neural NG2-glia markers; (b) demonstrate 

replicative capacity; (c) have the ability to form neurospheres; and (d) demonstrate a 

functional response to a neurotransmitter (Fig. 7) [15], [17], [32][33][34]. 

 

Figure 7. Pericyte heterogeneity and the origin of NLSCs. We discovered that there are 2 subsets 

of pericytes that have distinct differentiation potentials. Type 1 pericytes (yellow: Nestin−/NG2+) 

appear to differentiate into fat and fibroblasts. In contrast, type 2 pericytes (green: Nestin+/NG2+) 

differentiate into muscle fibers, NLSCs, and support angiogenesis. We found that these NLSCs 
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do not differentiate into fibroblasts (Fig. 5). In contrast, heterogeneous populations of MSCs can 

differentiate into fibroblasts, including tumor-associated fibroblasts, which can potentially aid 

tumor cell growth and resistance. Additionally, NLSCs did not contribute to angiogenesis, in 

contrast to MSCs, as demonstrated in an in vivo plug assay (Fig. 4). Abbreviations: MSCs, 

mesenchymal stem cells; NLSCs, neural-like stem cells. 

 

Furthermore, we and others established that these novel NLSCs are also expressed 

in other species, including rats, canines, and nonhuman primates [15], 

[35][36][37][38][39]. We successfully obtained these NLSCs from additional peripheral 

tissues and quantified NLSCs per milligram of tissue [17]. We were able to isolate the 

largest number of NLSCs from muscle (30,000 per milligram), followed by bone marrow 

(∼2,000 per milligram), with the least amount isolated from adipose tissue (113 per 

milligram) [17]. These NLSCs exhibit increasing glutamate-evoked membrane currents 

as time passed in differentiation media, indicating progressive differentiation and 

expression of ion channels in culture [15]. Given these findings, we hypothesized that 

NLSCs represented a more distinct and differentiated class of potential progenitor cells 

that would home to tumor cells, similar to NSCs, but would not transform into TAFs or 

contribute to tumor angiogenesis because of their lineage and more differentiated state in 

comparison with MSCs (Fig. 7). 

We examined the potential for using our newly isolated peripherally derived 

NLSCs as drug- delivery vehicles to GBM. After initial identification and isolation of 

NLSCs using Nestin-GFP transgenic mice, we also for the first time successfully isolated 

NLSCs from skeletal muscle cultures using nerve growth factor surface receptor via 

FACS, thereby highlighting their clinical relevance. We also demonstrated in vitro and in 

vivo that NLSCs exhibit chemotaxis toward cytokines secreted by gliomas, similar to 
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what is seen with other stem cells. Recurrence of disease posttreatment due to untreated 

infiltrating GBM cells is a major problem when treating brain tumor patients [40]. We 

found that NLSCs migrated to infiltrating tumor projections, showing their potential to be 

considered as therapeutic delivery vehicles. 

In regard to angiogenesis, although we have demonstrated that type 2 pericytes 

have the potential to contribute to vasculogenesis both in tumors and in in vivo vascular 

plug assays [16], [23], [41], we found that once the type 2 pericytes differentiate into 

NLSCs, they no longer had the potential to participate in vasculogenesis (Fig. 7), as 

results from our in vitro and in vivo angiogenesis experiments showed that NLSCs do not 

activate HUVECs to form vascular structures (Figs. 4, 5). A lack of paracrine secretion of 

angiogenesis-inducing cytokines by NLSCs could possibly explain this observation [42]. 

Despite the ease of availability and culture in vitro, commonly used peripherally 

derived stem cells, such as MSCs were observed to enhance tumor progression, 

angiogenesis, and metastasis by transforming into TAFs over time by using the 

CXCR12/CXCR4 axis and vascular endothelial growth factor signals within the tumor 

microenvironment [43]. Because NLSCs are differentiated from type 2 pericytes that did 

not transform or contribute to injury-associated fibroblasts/fibrosis (Fig. 7), we 

hypothesized that NLSCs do not have fibrogenic potential, in contrast to what has been 

reported with MSCs. We found that upon being exposed in vitro to fibrogenic media-

containing cytokines involved in transforming stromal cells into TAFs [44], NLSCs did 

not show the expression of α-SMA, FAP-1, and collagen type 1 cell surface markers, 

which are markers of TAFs [19]. The lack of transformation into TAFs presented in our 

results indicates that NLSCs may not contribute toward progression and epithelial-
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mesenchymal transition of tumors upon entering cell signaling networks in the tumor 

microenvironment, which may indicate a significant advantage over other stem cells 

commonly used for delivering therapeutics to tumor sites. This is currently an active area 

of our exploration. 

Some peripherally derived stem cells have been shown to form teratomas or 

teratocarcinomas upon implantation in vivo [45]. When injected in vivo for 6 months 

(subcutaneously or orthotopically), our NLSCs did not form any such teratomas or 

teratocarcinomas (data not shown), highlighting their potential safety and feasibility for 

clinical usage. Furthermore, our proof-of-concept in vitro TRAIL experiment 

demonstrated the ability of our NLSC population to be genetically manipulated for 

therapeutic purposes. The successful secretion of TRAIL, a prototype anticancer agent, 

and subsequent cytotoxicity of adjacent glioblastoma cell line emphasize the therapeutic 

potential of NLSCs. 

Conclusion 

We demonstrated tumor tropism of newly isolated peripherally derived NLSCs that do 

not form tumors or contribute to angiogenesis in vivo. Furthermore, our NLSCs did not 

differentiate into TAFs, unlike MSCs. We also showed the potential of NLSCs to be 

genetically engineered for therapeutic purposes and are in the process of engineering 

NLSCs to secrete other novel GBM-targeted therapeutics. 
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CONTRIBUTIONS TO SCIENCE         

1. In vivo validation of Pep-1L specificity using microPET imaging  

IL13RA2 was previously reported to be highly upregulated in about 75% of GBM 

samples and found to be an effective target for delivering tumor-specific lethal 

therapeutics (Debinski et al, Clinical Cancer Research 1999 1999 May;5(5):985-90, 

PMID: 10541355; Mintz et al, Neoplasia 2002 Sep-Oct;4(5):388-99, PMID: 12192597). 

IL13RA2 was also shown to be overexpressed by therapy resistant, slow-diving GBM 

stem cells (GSCs) (Nguyen et al, Translational Oncology 2011 Dec;4(6):390-400. Epub 

2011 Dec 1, PMID: 22191003). In my first publication on Pep-1L, we validated the 

specificity of radiolabeled Pep-1L towards IL13RA2 expressing tumors apart from 

evaluating its pharmacokinetics. We believed that targeting IL13RA2, a GBM restricted 

biomarker which is also expressed by GSCs, to deliver lethal therapeutics and diagnostic 

agents could potentially lead to early diagnosis, to monitor therapy distribution and 

response and to enhance patient survival. Pep-1L, which is a linearized heptapeptide was 

previously reported to bind specifically to IL13RA2 through in vitro, in vivo and ex vivo 

analyses (Pandya et al, Neurooncology 2012 Jan;14(1):6-18. doi: 

10.1093/neuonc/nor141. Epub 2011 Sep 26, PMID: 21946118). Using copper-64 labeled 

Pep-1L ([64Cu]Pep-1L), we visualized Pep-1L accumulation in subcutaneous GBM 

tumors. In addition, we also validated Pep-1L specificity to IL13RA2 by comparing its 

accumulation in subcutaneous B16F10 melanoma tumors that were induced to express 

IL13RA2 at varying levels verses subcutaneous B16F10 tumors that lacked IL13RA2 

expression using microPET/CT imaging. I assisted in initial radiolabeling efforts, 

cultured GBM cell lines and performed cell uptake assays, validated IL13RA2 expression 

in B16F10 melanoma cells upon doxycycline induction in vitro, implanted subcutaneous 

tumors and tracked their growth using IVIS imaging, performed tissue extraction and 

assisted in microPET/CT imaging and biodistribution analysis for this study. I was later 

involved in the preparation of a manuscript reporting our finding from this study as a co-

first author (Sai et al, Oncotarget 2017 Aug 1; 8(31): 50997–51007. PMID: 28881623). 

In addition, I was also part of 2 abstracts reporting findings from this study which were 
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presented at the annual meeting of Society of Nuclear Medicine and Molecular Imaging 

(SNMMI), one of which was selected for an oral presentation.  

2. Loco-regionally targeting IL13RA2 using a peptide based alpha particle therapy 

Even though we observed greater binding and retension of [64Cu]Pep1L within IL13RA2 

expressing peripheral tumors, we observed insufficient extravasation of Pep-1L across 

the blood brain barrier (BBB) into the brain parenchyma and suspected ineffective 

concentrations of [225Ac]Pep-1L to accumulate within orthotopic GBM tissues, if 

delivered systemically, regardless of enhanced permeability within tumor tissues. In a 

later publication, where we validated the efficacy of actinium-225 labeled Pep-1L 

([225Ac]Pep-1L) in an orthotopic GBM mouse model, we chose to deliver our therapy 

loco-regionally into the tumor bed using convection enhanced delivery (CED). We 

reported intratumorally infused [64Cu]Pep-1L to localize within GBM tissues when 

compared to similarly infused 64Cu labeled untargeted scrambled peptide using 

microPET/CT imaging and also reported that in a long-term pre-clinical survival study, a 

single intratumoral treatment of [225Ac]Pep-1L (1μCi; 0.04 MBq/ injection) in mice 

bearing orthotopic GBMs resulted in an overall survival of 55 days post [225Ac]Pep-1L 

administration compared to control group that demonstrated an overall survival of 29 

days (n=8; p < 0.05). We also reported that GBM tissues extracted from mice treated with 

[225Ac]Pep-1L showed double strand DNA breaks, lower Ki67 expression and greater 

propidium iodide internalization, indicating that [225Ac]Pep-1L caused cytotoxicity 

within GBM tissues. I cultured GBM cell lines and performed cell uptake assays, 

performed stereotactic brain surgeries to implant orthotopic GBMs and tracked their 

growth using IVIS imaging, performed stereotactic brain surgeries to infuse [225Ac]Pep-

1L and saline using CED, assisted in microPET/CT imaging, performed IVIS imaging to 

track tumor growth and survival post treatment, performed quantitative analysis of tumor 

bioluminescent signals from different groups and plotted Kaplan-Meier curve, extracted 

and sectioned tumor tissues and stained for apoptotic and proliferative markers for this 

study. I was later involved in the preparation of a manuscript reporting our finding from 

this study as a first author (Sattiraju et al, Oncotarget 2017 Jun 27;8(26):42997-43007. 

PMID: 28562337). In addition, I was also involved in the preparation of 2 abstracts 

reporting the findings from this study which were presented at the annual meetings of 

SNMMI and AACR, one of which was also selected for an oral presentation at SNMMI, 

of which I was the presenter. 

3. Alpha particle enhanced blood-brain and blood-tumor barrier permeabilization 

In a later publication, we addressed the challenge of effectively delivering systemic 

therapies to GBM. We believed that enhancing the delivery of systemic therapies to 

GBM would allow us to combine our peptide based alpha particle therapy with 

chemotherapies in the future, thereby retarding disease relapse by killing subclones that 

may not express/rely on IL13RA2. Exposure to external beam radiation was previously 

reported to enhance vascular permeability within the brain of mice bearing orthotopic 

GBMs (Baumann et al, Oncotarget 2013 Jan; 4(1): 64–79; PMID: 23296073). Others 

had reported that 225Ac targeted to vascular cadherin caused reversal of tumor vessels to a 

normal phenotype in addition to causing anti-angiogenic effects (Escorcia et al, Cancer 

Research 2010 Nov 15;70(22):9277-86; PMID: 21045141). These studies highlighted the 
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potential for using alpha particles to enhance BBB permeability and to normalize 

perfusion within GBMs, while limiting collateral damage to healthy brain tissue. We 

therefore reported a strategy to enhance blood-brain and blood-tumor barrier permeability 

by loco-regionally delivering actinium-225 labeled, integrin αvβ3 (IA) targeted partially 

polymerized liposomes ([225Ac]IA-PPL) in mice bearing orthotopic GBMs. We initially 

evaluated the specificity of intratumorally infused (CED) Cy5.5 labeled IA-PPL in mice 

bearing orthotopic GBMs and reported that Cy5.5-IA-PPL localized within GBM tissue 

when compared to similarly infused untargeted Cy5.5-PPL. We later reported that a 

single intracranial infusion of [225Ac]IA-PPL (1μCi; 0.04 MBq) enhanced BBB 

permeability in and around infusion site in mice which was evidenced by extravasation of 

systemically injected Evans Blue dye (conjugate for chemotherapy) and gadolinium, 

which was visualized using small animal MR imaging. When varying concentration of 

[225Ac]IA-PPL were intracranially infused (0.05μCi-0.5μCi; 0.00185MBq-0.0185MBq), 

we observed a dose-dependent increase in the area of BBB permeabilization using small 

animal MR imaging. We later reported that a single intratumoral treatment of [225Ac]IA-

PPL in mice bearing orthotopic GBMs enhanced vascular permeability within GBMs and 

in regions around tumor tissue, evidenced by greater area of extravasation of systemically 

injected Evans Blue dye and fluorescent PLGA nanoparticles (~100nm) when compared 

to mice that were administered with a single intratumoral treatment of either unlabeled 

IA-TLs or saline. We also reported that a single intratumoral treatment of [225Ac]IA-PPL 

caused double strand DNA breaks within GBM tissue but did not cause similar DNA 

breaks in distal areas where enhanced vascular permeability was observed indicating that 

enhanced vascular permeability in these distal regions might not have been caused due to 

direct alpha particle induced cellular effects. I cultured GBM cell lines, performed 

stereotactic brain surgeries to implant orthotopic GBMs, performed stereotactic brain 

surgeries to infuse Cy5.5-IA-PPL and [225Ac]IA-PPL using CED, performed in vivo 

fluorescence imaging and quantitative analysis of Cy5.5 fluorescence signal, assisted in 

performing small animal MR imaging and performed quantitative analysis of area of 

contract enhancement, extracted brains of mice used in the study, sectioned and 

performed quantitative analysis of area of extravasation of Evans Blue dye, quantified 

PLGA fluorescence signal in brain sections and stained them for markers of double 

strand DNA breaks for this study. I was later involved in the preparation of a manuscript 

reporting our finding from this study as a first author (Sattiraju et al. Molecular Cancer 

Therapeutics. 2017 Oct;16(10):2191-2200. PMID: 28619756). In addition, I was also 

involved in the preparation of 2 abstracts reporting the findings from this study which 

were presented at the annual meeting of SNMMI, one of which was also selected for an 

oral presentation at SNMMI, of which I was the presenter. 

4. Stem cell based, loco-regional therapeutic delivery to invasive GBM cells upon 

remote activation  

In an earlier publication, I was involved in isolating a novel neural progenitor cell 

population peripherally from skeletal muscles of transgenic mice and analyzed their 

GBM tropism in vitro and in vivo. Previous studies from our group had shown that a 

NG2+ subtype of pericytes within skeletal muscles could act as a pool for neural 

progenitors (Birbrair et al. PLoS One. 2011 Feb 3;6(2):e16816. PMID: 21304812). For 

the purposes of our study, we extracted skeletal muscles from Nestin-GFP transgenic 
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mice and isolated Nestin-GFP+ neural-like stem cells (NLSCs) using FACS. We also 

showed that NLSCs could be isolated from non-transgenic sources using an anti-p75 

(NGFR) antibody. We reported that Nestin-GFP+ NLSCs migrated towards GBM cells in 

in vitro transwell migration assays and towards orthotopic GBMs in vivo when implanted 

intracranially. We reported that NLSCs did not differentiate along fibrogenic lineage or 

promote angiogenesis when stimulated by TGFβ or when co-cultured with HUVECs in 

vitro and in vivo respectively. We additionally evaluated the potential for exploiting 

GBM tropism of NLSCs to deliver biomarker targeted therapeutics loco-regionally for 

future projects by engineering NLSCs to secrete a prototype therapeutic, TRAIL, which 

caused GBM cytotoxicity in co-cultures in vitro. I bred and maintained a 

C57BL/6(Nestin-GFP) transgenic mouse line for isolating Nestin-GFP+ NLSCs, 

extracted skeletal muscles, prepared samples for FACS, labeled samples with anti-NGFR 

antibody to perform FACS, performed in vitro endothelial tube formation assays and in 

vivo matrigel plug assays, stained cells for cell surface markers and performed 

fluorescence microscopy. I was later involved in the preparation of a manuscript 

reporting our finding from this study as a co-first author (Birbrair et al. Stem Cells 

Translational Medicine. 2017 Feb;6(2):471-481. PMID: 28191774). In addition, I was 

also involved in the preparation of an abstract reporting the findings from this study 

which was presented at the annual meeting of Society for Neuro Oncology (SNO). I have 

been involved in further experiments on this project that are currently ongoing. As part of 

these efforts, I bred and maintained C57BL/6(Nestin-GFP) and FVB-Tg(CAG-luc,-

GFP)L2G85Chco/J transgenic mouse lines. I later crossbred C57BL/6(Nestin-GFP) and 

FVB-Tg(CAG-luc,-GFP)L2G85Chco/J transgenic mouse lines, genotyped and generated 

a C57BL/6xFVB-Tg(CAG-Luc,-Nestin-GFP) double homozygous transgenic mouse line. 

I isolated Nestin-GFP+/Firefly Luciferin+ NLSCs from this transgenic mouse line, whose 

migration towards orthotopic GBMs was tracked and quantified longitudinally when 

implanted into contralateral and ipsilateral hemispheres using IVIS imaging and 

fluorescence microscopy. We hope to induce NLSCs to secrete an IL13RA2 targeted, 

PE4E (Pseudomonas exotoxin-A effector domain) containing fusion cytotoxin upon 

intratumoral infusion into orthotopic GBMs. In order for NLSCs to avoid PE4E induced 

apoptosis when synthesizing our cytotoxins, I designed oligonucleotides, gRNA and Cas9 

vectors to replace native elongation factor-2 (eEF-2) with mutated eEF-2 sequence 

through HDR. I evaluated this gene editing strategy in adipose derived human MSCs and 

I am currently involved in using this strategy to induce PE4E resistance in NLSCs. I am 

currently designing vectors to engineer NLSCs, which would be intratumorally implanted 

into mice bearing patient derived GBMs, to secrete IL13RA2 targeted fusion cytotoxins 

upon remote heat activation using MR guided high frequency ultrasound (HIFU) for 

future studies.   

5. Effect of severe hypoxia on genetic and epigenetic regulation of cell cycle 

regulator SERTAD1 in glioblastomas 

As part of my undergraduate dissertation, I was involved in investigations to evaluate the 

effect of severe hypoxia (0.1%-1%) on the expression of SERTAD1 gene in GBM cell 

lines. SERTAD1 is a suspected oncoprotein known to stimulate E2F1/TFDP1 

transcriptional activity and thought to regulate the kinase activity of CDK4 by promoting 

the assembly of cyclin-D1/CDK4 complex, thereby inhibiting p16 activity. I had 
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performed expression profiling using real-time PCR and observed that the level of 

SERTAD1 gene expression decreased in GBM cell lines when exposed to hypoxia. I also 

found this decrease to be relative to the time of hypoxic exposure. In addition, I also 

evaluated SERTAD1 promoter activity in GBM cell lines upon exposure to severe 

hypoxia using luciferase promoter assays. I analyzed transcriptional factor binding sites 

along SERTAD1 promoter and found mutliple hypoxia regulatory elements, indicating 

that HIF-1α could have played a role in downregulating SERTAD1 gene expression to 

maintain a quiescent cell state in response to hypoxia. I also evaluated the effect of 

hypoxic exposure on epigenetic regulation of SERTAD1 by analyzing CpG island 

methylation patterns along SERTAD1 promoter region. I had also performed gateway 

cloning to develop vectors to alter SERTAD1 gene expression. 

 

ORAL PRESENTATIONS          

 

Annual meeting of the Society of Nuclear Medicine and Molecular Imaging     2016 

Title: IL13RA2 targeted alpha particle therapy against glioblastoma. 

Sattiraju, A., Pandya, D.N., Sai, K.K.S., Wadas, T.J., Herpai, D.M., Debinski, W. and 

Mintz, A.  

 

Annual meeting of the Society of Nuclear Medicine and Molecular Imaging     2016 

Title: Alpha particle enhanced permeabilization of the blood tumor barrier using alpha-v 

beta-3 (αvβ3) specific nanoparticles. 

Sattiraju, A., Pandya, D.N., Wadas, T.J., Xiong, X., Sun, Y., Jung, J., Zhao, D., Sai, 

K.K.S., Li, K.C. and Mintz, A. 

 

ABSTRACTS AND POSTER PRESENTATIONS      

(*Poster presenter)  

 

1. Joseph, S.K., Sattiraju, A., Oya, S., Jurewicz, A., Castrillon, J.W., Soffing, M.R., 

Mintz, A. and Carberry, P. (2018). In-house automated synthesis of L-[11C]Glutamine 

with the use of a Siemens H11CN Box. Journal of Nuclear Medicine 2018 (Submitted). 

2. Oya, S., Castrillon, J.W., Sattiraju A., Wasmuth, A., Deng, S., Zanzonico, P.B., 

Soffing, M.R., Carberry, P., Digvi, C.R., Landry, D.W., Yeh, R and Mintz, A. (2018). 

Preclinical Biodistribution, Dosimetry and Toxicology of [11C]NOP46 - a potential PET 

biomarker for chronic pain in humans. Journal of Nuclear Medicine 2018 (Submitted). 

3. Sai, K.K.S., Prabakaran, J., Sattiraju, A., Oufkir, H., Falcone, H., Mann, J., Whitlow, 

C., Mintz, A. and Kumar, J.S.D. (2018). Radiosynthesis and evaluation of a high affinity 

GSK3 ligand. Journal of Nuclear Medicine 2018 (Submitted). 

4. Sai, K.K.S., Sattiraju, A., Zachar, Z., Dahan, M.S, Shorr, R., Pardee, T.S., Bingham, 

P.M. and Mintz, A. (2018) Initial preclinical evaluation of a novel inhibitor of 

mitochondrial metabolism against prostate cancer. Cancer Research 2018. (Accepted)   

5. Sai, K.K.S., Almaguel, F.G., Sattiraju, A., Rideout, S., Xuan, A., Krishnaswamy, 

R.G., Cartwright, J., Nguyen, V.T., Herpai, D.M., Debinski, W. and Mintz, A. (2017). 



 
 

195 
 

PET imaging validation of an IL13RA2-binding peptide as a targeting platform against 

cancer. Journal of Nuclear Medicine May 1, 2017 vol. 58no. supplement 1 56.   

 

6. Sai, K.K.S., Prabhakaran, J., Sattiraju, A., Mann, J., Mintz, A. and Kumar, J.S.D. 

(2017). Radiosynthesis and evaluation of [11C]GSK-1838705A, a high affinity PET tracer 

for IGF1R. World Molecular Imaging Conference 2017. (Accepted)  

 

7. Sattiraju A.*, Xuan, A., Almagule, F.G., Herpai, D.M., Debinski, W., Mintz, A. and 

Sai, K.K.S. (2017). PET/CT imaging of interleukin-13 receptor alpha-2-targeted peptide 

to glioblastoma after locoregional delivery. Cancer Research 10.1158/1538-

7445.AM2017-1831.   

 

8. Sai, K.K.S., Zachar, Z., Almaguel, F.G., Stuart, S.D., Dahan, M.S., Guardado, M., 

Rideout, S., Wang, M., Sattiraju, A., Bingham, P.M., Pasche, B. and Mintz, A. (2017) 

FDG-PET imaging as a potential biomarker of mitochondrial targeting by CPI-613, a 

novel inhibitor of mitochondrial metabolism. Cancer Research 10.1158/1538-

7445.AM2017-2867.  

 

9. Sattiraju, A.*, Pandya, D.N., Wadas, T.J., Xiong, X., Sun, Y., Jung, Y., Zhao, D., Sai, 

K.K.S., Li, K.C. and Mintz, A. (2016). Alpha particle enhanced permeabilization of the 

blood tumor barrier using alpha-v beta-3 (αvβ3) specific nanoparticles. Journal of 

Nuclear Medicine May 1, 2016 vol. 57 no. supplement 2 633.  

 

10. Sattiraju, A.*, Pandya, D.N., Sai, K.K.S., Wadas, T.J., Herpai, D.M. and Mintz, A. 

(2016). IL13RA2 targeted alpha particle therapy against glioblastoma. Journal of Nuclear 

Medicine May 1, 2016 vol. 57 no. supplement 2 634.  

 

11. Sai, K.K.S., Almaguel, F.G., Sattiraju, A., Herpai, D.M., Debinski, W. and Mintz, A. 

(2016). Radiolabeling and initial biological evaluations of [64Cu]NOTA-Pep-1L for 

imaging Glioblastoma. Journal of Nuclear Medicine May 1, 2016 vol. 57 no. supplement 

2 1100  

 

12. Sai, K.K.S., Das, B., Sattiraju, A., Almaguel, F.G., Craft, S. and Mintz, A. (2016). In 

vivo uptake of [18F]KBM-1, a potential PET tracer for neuroblastoma. Journal of 

Nuclear Medicine May 1, 2016 vol. 57 no. supplement 2 1166  

 

13. Sai, K.K.S., Das, B., Sattiraju, A., Almaguel, F.G., Craft, S. and Mintz, A. (2016). 

Radiosynthesis and initial in vitro evaluations of [18F]KBM-1 as a potential RAR-α 

imaging agent. Journal of Nuclear Medicine May 1, 2016 vol. 57 no. supplement 2 1077  

 

14. Xiong, X., Sattiraju, A., Sun, Y., Jung, Y., Zhao, D., Mintz, A. and Li, K.C.P. 

(2016). Integrin αvβ3-targeted pegylated liposomes for GBM-targeted drug delivery. 

International Conference on Biomedical Engineering 2016.   

 

15. Sattiraju A.*, Xiong, X., Pandya, D.N., Sun, Y., Jung, Y., Wadas, T.J., Li, K.C. and 

Mintz, A. (2015). Permeabilizing the blood-brain-barrier with α-particle therapy. Journal 



 
 

196 
 

of Nuclear Medicine May 1, 2015 vol. 56 no. supplement 3 1230   

 

16. Sattiraju A.*, Birbrair, A., Zhu, D., Batista, I., Delbono, D and Mintz, A. (2014). 

Therapeutic potential of a newly discovered neural like stem cell. Neuro Oncology 

(2014) 16 (suppl 5): v203.doi: 10.1093/neuonc/nou275.29  

 

 

AWARDS AND FELLOWSHIPS         

3 Minute Thesis (3MT) competition- 1st Runner up          Wake Forest University, 2016 

Graduate Student Research Day 

 

Junior Research Fellowship              University of Delhi, 2012-2013  

Department of Biotechnology (Government of India) 

 

EXTRAMURAL POSITIONS         

 

Secretary, Graduate Student Association     2014-2015 

Wake Forest University  

 

Co-Chair, Undergraduate Student Council     2010-2012 

Amity University 

Coordinator, Core organizing team                  2011 

TEDxAmityUniversity 

 

TEACHING EXPERIENCE         

Wake Forest University                Winston-Salem, NC 

Instructor, Cancer cell biology (PhD program core course) *   Fall 2016 

Title: GBM Etiology and Treatment 

*As part of a teaching course for PhD students  

Wake Forest University       Winston-Salem, NC 

Educator-Neurological Diseases      Spring 2016 

Brain Awareness Day, Brain Awareness Council  

Wake Forest University chapter of Society for Neuroscience 

SCIENTIFIC AFFILIATIONS         

 

American Association of Cancer Research        

Society of Nuclear Medicine and Molecular Medicine      

Society for Neuro Oncology          

 

 



 
 

197 
 

AD_HOC REVIEWER           

 

Molecular Cancer Therapeutics      American Association of Cancer Research publication 

Ad-hoc reviewer 

INTERNSHIPS           

 

Center for Cellular and Molecular Biology   Hyderabad, India 

Undergraduate Research Intern              2011 

Advisor: Ramesh Sonti, Ph.D. 

Project title: Characterization of genes present in a non-canonical lipopolysaccharide 

biosynthesis gene cluster in Xanthomonas oryzae pv. Oryzae 

• Transfected and isolated plasmids to evaluate interactions between bacterial 

pathogen Xanthomonas oryzae pv. Oryzae and infected rice plants  

 

DuPont Knowledge Center      Hyderabad, India 

Undergraduate Research Intern              2010 

Advisor: Ramesh Vairamani, Ph.D. 

• Isolated genomic DNA from genetically modified rice plants  

• Trained in basic molecular biology techniques 

 

REFERENCES           

Akiva Mintz, M.D., Ph.D., M.H.A., C.F.A.     

Professor and Vice Chair Translational Research    

Director, Columbia University PET Center    

Division Chief, Nuclear Medicine     

Department of Radiology      

Columbia University College of Physicians and Surgeons 

Radiology Administrative Office, 1st Floor, Room PH1-333 

New York, NY 10032 

Office: (212) 305-5521 

Email: am4754@cumc.columbia.edu 

Waldemar Debinski, M.D., Ph.D.    

Professor, Cancer Biology     

Director, Brain Tumor Research Center of Excellence  

Department of Cancer Biology     

Wake Forest University Comprehensive Cancer Center  

Wake Forest University Baptist Medical Center   

Winston-Salem, NC 27157     

Office: (336) 713-7634      

Email: debinski@wakehealth.edu    

 

mailto:am4754@cumc.columbia.edu
mailto:debinski@wakehealth.edu


 
 

198 
 

Kiran Kumar Solingapuram Sai, Ph.D. 

Assistant Professor of Radiology 

Director, Cyclotron and Radiochemistry services 

Department of Radiology 

Wake Forset University PET research center 

Wake Forest University Baptist Medical Center 

Winston-Salem, NC 27157 

Office: (336) 716-5630 

Email: ksolinga@wakehealth.edu 

 


