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Abstract

The epidermal growth factor receptor deletion variant EGFRvIII is known to be expressed in a 

subset of patients with glioblastoma (GBM) tumors that enhances tumorigenicity and also 

accounts for radiation and chemotherapy resistance. Targeting the EGFRvIII deletion mutant may 

lead to improved GBM therapy and better patient prognosis. Multifunctional magnetic 

nanoparticles serve as a potential clinical tool that can provide cancer cell targeted drug delivery, 

imaging, and therapy. Our previous studies have shown that an EGFRvIII-specific antibody and 

cetuximab (an EGFR- and EGFRvIII-specific antibody), when bioconjugated to IONPs 

(EGFRvIII-IONPs or cetuximab-IONPs respectively), can simultaneously provide sensitive cancer 

cell detection by magnetic resonance imaging (MRI) and targeted therapy of experimental GBM. 

In this study, we investigated whether cetuximab-IONPs can additionally allow for the 

radiosensitivity enhancement of GBM. Cetuximab-IONPs were used in combination with single 

(10Gy x 1) or multiple fractions (10Gy x 2) of ionizing radiation (IR) for radiosensitization of 

EGFRvIII-overexpressing human GBM cells in vitro and in vivo after convection-enhanced 

delivery (CED). A significant GBM antitumor effect was observed in vitro after treatment with 

cetuximab-IONPs and subsequent single or fractionated IR. A significant increase in overall 

survival of nude mice implanted with human GBM xenografts was found after treatment by 

cetuximab-IONP CED and subsequent fractionated IR. Increased DNA double strands breaks 

(DSBs), as well as increased reactive oxygen species (ROS) formation, were felt to represent the 

mediators of the observed radiosensitization effect with the combination therapy of IR and 

cetuximab-IONPs treatment.
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Introduction

Glioblastoma (GBM) is the most common and aggressive malignant glioma in adults [1]. 

The standard treatment of care for GBM patients consists of surgical resection followed by 

postoperative radiotherapy with concurrent and adjuvant chemotherapy [2]. Resistance to 

conventional therapies (e.g., radiotherapy and chemotherapy) contributes to the poor 

prognosis of GBM patients [3]. Further optimization of standard therapies, as well as novel 

therapeutic approaches are urgently needed.

The epidermal growth factor receptor variant III (EGFRvIII) is a specific mutation 

commonly expressed in GBM [4]. Several studies have demonstrated that EGFRvIII 

expression promotes enhanced tumorigenicity and accounts for radiation and chemotherapy 

resistance contributing to the poor prognosis in GBM patients [5,6]. The GBM-specific 

EGFRvIII deletion mutant found exclusively on GBM cells and not in the normal brain 

represents an ideal target for enhancing the effects of radio- and chemotherapy.

Cetuximab (Erbitux, IMC-C225) is a well-known recombinant monoclonal antibody, 

specific to EGFR (including EGFRvIII), that is FDA approved for treatment of patients with 

EGFR-expressing metastatic colorectal and head/neck cancers [7–9]. Cetuximab has a 10-

fold higher affinity to the extracellular domain of EGFR than endogenous ligands and 

inhibits downstream signal transduction pathways [10]. Preclinical and clinical studies have 

shown a modest inhibitory effect on EGFR-expressing GBM tumors after treatment with 

cetuximab [11–13].

Recently, we have reported that magnetic iron-oxide nanoparticles (IONPs) bioconjugated to 

cetuximab (cetuximab-IONPs), have a significantly enhanced therapeutic effect against 

glioblastoma (GBM) when compared to cetuximab alone [14]. We have determined that 

cetuximab-IONPs bind to both the wtEGFR and the EGFRvIII deletion mutant on patient-

derived GBM cells (including glioma stem-like cells (GSCs)), inhibit EGFR cell signaling, 

are internalized by the tumor cells, and promote internalization of the EGFR resulting in 

enhanced apoptosis. In multiple rodent glioma models, we have found that convection-

enhanced delivery (CED) of cetuximab-IONPs is safe and significantly increases the 

survival of rodents intracranially implanted with human EGFR-expressing GBM xenografts 

[14]. Moreover, we have shown that intra- and peritumoral distribution of cetuximab-IONPs 

after CED can be tracked by magnetic resonance imaging (MRI) [15].

Magnetic IONPs are currently being used clinically for the treatment of recurrent GBM in 

combination with radiotherapy [16]. High concentrations of non-targeted IONPs can 

generate local hyperthermia when exposed to alternating magnetic fields (AMFs) [17,18]. 

IONPs in combination with radiotherapy has been shown to increase overall and 

progression-free survival in patients with GBM prospectively. Furthermore, human clinical 
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studies have demonstrated minimal toxicity of IONPs [16] as they are biodegradable, 

making them attractive for widespread future clinical applications [19].

The main goal of this study was to investigate whether EGFR-targeted magnetic 

nanoparticles (cetuximab-IONPs), in combination with fractionated radiotherapy, can lead to 

the radiosensitivity enhancement of human GBM in a rodent glioma model. Highly 

tumorigenic and invasive EGFRvIII-expressing human GBM cells were used in this study. 

Mechanistic studies, including DNA double strand break (DSB) repair and reactive oxygen 

species (ROS) formation, were performed to determine the radiosensitivity enhancement 

effect. In addition, toxicity studies were performed with normal human astrocytes.

Materials and Methods

Cell lines

The human GBM cell line U87MG, overexpressing the EGFRvIII deletion mutant 

(U87MGEGFRvIII), as well as human astrocytes were used (supplementary data). Over-

expression of the U87MG human GBM cell line with the EGFRvIII deletion mutant has 

been previously described from our group [20]. The U87MGEGFRvIII cell line selection 

was made based on the fact that over-expression of the EGFRvIII deletion mutant confers 

enhanced tumorigenicity resulting in formation of aggressive and invasive xenografts in 

immunocompromised rodents [21,22]. Furthermore, U87EGFRvIII cells are radioresistant.

IONPs, EGFR antibody, bioconjugation

IONPs were covalently conjugated to the human-mouse chimeric monoclonal antibody 

cetuximab by using the appropriate conjugation kit provided by the manufacturer 

(supplementary data).

In vitro studies

In vitro studies for viability, apoptosis, DNA damage and oxidative stress were performed 

on human GBM cells treated with control (PBS), IONPs, cetuximab and cetuximab-IONPs 

in combination with single or fractionated IR (supplementary data). Cell toxicity studies 

were additionally performed on human astrocytes undergone the same treatments in 

combination with IR (supplementary data).

Animal Experiments

All animals underwent intracerebral stereotactic inoculation of human GBM cells, followed 

by CED of PBS, cetuximab, or cetuximab-IONPs, and subsequent whole brain IR 

(supplementary data). Imaging, histology, and survival studies were performed 

(supplementary data).

Results

Bioconjugation of cetuximab to IONPs

Cetuximab was covalently conjugated to IONPs (10nm in core size-5mg/ml concentration, 

Ocean NanoTech). Bioconjugation was performed between the amino-terminal group of the 
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antibody and carboxyl groups on the copolymer IONPs coating. Confirmation of successful 

conjugation of cetuximab to IONPs was performed by mobility shift in agarose gel 

electrophoresis analysis as has already been shown in our recent publication [14].

Selective antitumor effect of cetuximab-IONPs combined with IR on human GBM cells in 
vitro

Human GBM cells (U87MGEGFRvIII) and human astrocytes were treated with PBS 

(control), IONPs, cetuximab, and cetuximab-IONPs at a concentration of 0.3mg/ml for 24 

hours, followed by either a single IR dose of 10Gy or fractionated IR of 10Gy x 2 with a 24 

h interval between IR doses. Cell viability assay was performed 1, 2 and 3 days after the last 

IR dose treatment. A statistically significant (p<0.05) antitumor effect was observed 72 

hours after the last IR dose in GBM cells treated with cetuximab-IONPs prior to application 

of either single or fractionated IR, compared to other treatment groups (Fig. 1a). Human 

astrocytes revealed no significant toxicity 24 hours after treatment with cetuximab-IONPs 

and subsequent single and fractionated IR (Fig. 1b). This result was also found to be 

statistical significant (p<0.05).

Cetuximab-IONPs promote radiosensitivity enhancement of human GBM cells leading to 
apoptosis

Human GBM cells were incubated with PBS (control), IONPs, cetuximab and cetuximab-

IONPs at a concentration of 0.3mg/ml for 24 hours. Cells were then treated with fractionated 

IR (10Gy x 2). Western blot analysis performed 24 hours after the second IR dose revealed 

elevated levels of cleaved caspase-3 and apoptosis in cells treated with the combination 

therapy of cetuximab-IONPs and IR (Fig. 1c). Levels of cleaved caspase-3 were not found 

after treatment of cells with PBS, IONPs, or cetuximab followed by IR (Fig. 1c).

Enhanced DNA DSBs formation after cetuximab-IONP treatment of GBM

DNA DSBs after IR are well known to occur and can lead to cancer cell death [23]. The 

induction and repair of DNA DSBs in human GBM cells were analyzed in vitro by γH2AX 

foci visualization. γH2AX foci have been described to be a sensitive marker of DNA DSBs 

caused by IR [24]. γH2AX expression was evaluated in U87MGEGFRvIII cells treated with 

PBS (control), IONPs, cetuximab, and cetuximab-IONPs at a concentration of 0.3mg/ml for 

24 hours, followed by a single IR dose of 2Gy. γH2AX foci visualization and analysis was 

performed 30 minutes post IR. Exposure of cells to the cetuximab-IONPs prior to IR was 

found to induce an increase in the number of γH2AX foci as detected 30 minutes post IR, 

compared to other combination treatments. Representative immunofluorescence images of 

γH2AX foci and DAPI for each treatment revealed enhanced γH2AX foci accumulation in 

the nuclei of cells treated with cetuximab-IONPs and IR (Fig. 2a). In an effort to quantify 

this observed effect, the γH2AX foci were measured in approximately 30 nuclei from each 

treatment group by semi-automated image analysis. The density of γH2AX foci (number of 

foci per square inch of nucleus) formed in the cells was found to be statistically significantly 

(p<0.05) higher with the cetuximab-IONP and IR group in comparison to other treatment 

groups (Fig. 2b).
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Enhanced ROS generation after cetuximab-IONP treatment of GBM

Enhanced ROS generation has been described as a possible mechanism of anticancer 

efficacy with IR [25]. ROS generation has also been found with IONP treatment of cells 

[26]. The ROS production in human GBM cells was measured in vitro using carboxy-

H2DCFDA after IR treatment. This compound enters live cells and after subsequent 

intracellular deacetylation it reacts with ROS to form a highly fluorescent compound that 

emits green fluorescence. GBM cells were pre-treated with PBS (control), IONPs, 

cetuximab, and cetuximab-IONPs at a concentration of 0.3mg/ml for 24 hours, prior to a 

single IR dose of 10Gy. ROS generation was evaluated 3 hours post IR. Incubation of cells 

with cetuximab-IONPs prior to IR application was determined to result in enhanced 

intracellular ROS production compared to other treatment groups as showed in 

representative fluorescent microscopy images for each treatment (Fig. 3a). Cells were also 

stained with the ROS inducer compound TBHP which served as a positive control (Fig. 3b 

left) and for baseline intracellular ROS expression (negative control) (Fig. 3b right).

Radiosensitivity enhancement of cetuximab-IONPs in an orthotopic EGFRvIII-expressing 
rodent GBM model

Athymic nude mice 6–8 weeks old underwent intracranial implantation of 2 × 105 human 

GBM cells per mouse on day 0. Five days after tumor inoculation, mice were randomly 

assigned into 3 treatment groups (n=7 for each group). Mice underwent CED of HBSS 

(untreated-control animals), cetuximab, and cetuximab-IONPs. The cetuximab-IONP 

concentration used in all treatment groups was 0.3mg/ml. Each CED treatment involved a 

total volume of 10μl infused at a rate of 0.5μl/min for a total of 20 minutes. Subsequent 

fractionated whole brain IR of 10Gy x 2 was performed 24 and 72 hours post CED. 

Histology (Hematoxylin & Eosin staining) was performed in brains harvested before CED to 

confirm intracranial xenograft formation (Fig. 4a). Prussian blue staining was able to 

confirm intratumoral and peritumoral distribution of cetuximab-IONPs after CED (Fig. 4b). 

Additional histology (H&E) was performed in mouse brains harvested several days post 

CED, confirming intracranial xenograft formation (Fig. 4c left). Immunohistochemistry for 

EGFRvIII was also performed confirming the presence of EGFRvIII expression in 

intracranial GBM xenografts (Fig. 4c right).

Brain MRI scans were initially performed immediately after CED of cetuximab-IONPs (day 

5 after tumor implantation) to confirm the presence and determine the localization of the 

cetuximab-IONPs. Serial imaging was performed at frequent intervals up to 90 days post 

tumor implantation. Serial T2-weighted imaging of animals, which underwent CED of 

cetuximab-IONPs followed by IR, was able to show retention of the cetuximab-IONPs 

within the brain and delayed xenograft growth, compared to animals which underwent CED 

of HBSS (control animals) (Fig. 5a). Animal survival studies were performed and results 

were analyzed and plotted using Kaplan-Meier survival curve software. A statistically 

significant survival benefit was found in the animals which underwent CED of cetuximab-

IONPs followed by IR compared to the animals treated by cetuximab combined with IR and 

to the control animals (Fig. 5b). The calculated median survival for the three animal groups 

was 60, 24, and 15 days respectively. Moreover, in two small pilot in vivo studies we 
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performed, mice treated with CED of free IONPs in combination with IR showed a survival 

advantage similar to mice treated with cetuximab alone followed by IR.

Discussion

Radiotherapy is considered the most effective conventional adjuvant treatment for GBM 

patients and is standard of care following surgery in combination with chemotherapy. 

However, GBM represents one of the most radio- and chemoresistant cancers. Despite these 

treatments, the majority of GBM patients develop recurrences at or near the site of their 

initial tumor that was treated. EGFRvIII expression in GBM, is known to promote 

significant radioresistance [27,28]. Moreover, it has been reported that IR-induced activation 

of the wtEGFR also contributes to enhanced radioresistance in tumor cells, through multiple 

mechanisms including accelerated cell proliferation, an antiapoptotic response, and 

improved DNA DSB repair after IR exposure [29,30]. New strategies are needed for 

radiosensitivity enhancement of GBM tumors.

The use of magnetic nanoparticles (MNPs) has already been applied to brain tumor imaging 

and therapy [31–33]. Conjugation of tumor specific ligands to MNPs represents an approach 

to increase tumor targeted therapeutic efficacy of MNPs and has been used in gliomas 

[34,35]. Our group initially reported that conjugation of an EGFRvIII specific antibody to 

IONPs (EGFRvIII-IONPs) can lead to simultaneous selective MRI contrast enhancement 

and targeted therapy of experimental infiltrative GBM cells both in vitro and in vivo after 

CED [20]. Recently, we have demonstrated that cetuximab conjugated IONPs can target 

both EGFR and the deletion mutant, EGFRvIII, in GBM and GBM stem-like cells, leading 

to greater antitumor efficacy when compared to cetuximab alone [14].

In this study, we chose to study the effects of IR in highly tumorigenic human GBM in 

combination with cetuximab-IONP treatment. Cetuximab alone can exert a radiosensitizing 

effect in GBM by promoting radiation-induced apoptosis, decreasing cell proliferation, and 

inhibiting radiation-induced damage repair [36,37]. Nontargeted free IONPs in high 

concentrations have also shown a radiosensitizing effect in recurrent GBM [16].

Highly radioresistant and tumorigenic EGFRvIII-expressing human GBM cells were used in 

this study. Our in vitro results revealed that cetuximab-IONPs in complication with IR 

induced significant radiosensitivity enhancement of GBM cells. Exposure of cells to 

cetuximab-IONPs for 24 h, followed by subsequent IR, resulted in a significant decrease in 

GBM cell survival compared to the control cells and to cells exposed to cetuximab alone or 

to free IONPs. Apoptosis was found to be the mode of GBM cell death after combination 

treatment of cetuximab-IONPs and IR. Given that a crucial cellular process in determining 

cell radiosensitivity is DNA DSBs formation and repair, we initially examined the formation 

of DNA DSBs in GBM cells after treatment with cetuximab-IONPs followed by IR. Our 

data showed enhanced γH2AX foci formation and accumulation in GBM cells treated with 

cetuximab-IONPs with IR compared to cells treated with cetuximab or free IONPs prior to 

IR application. This observation suggests a repair inhibition of IR-induced DNA DSBs 

caused by cetuximab-IONPs.
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In an attempt to further investigate underlying mechanisms mediating the cetuximab-IONPs 

in vitro radiosensitization, intracellular ROS formation was examined. Cellular response to 

IR has been described to be mediated by the production of ROS which in turn results in 

damage to a variety of macromolecules such as DNA and proteins [38]. Our results 

demonstrated that intracellular ROS generation was significantly increased in GBM cells 

incubated with cetuximab-IONPs prior to IR treatment, compared to other pre-IR treatments 

such as cetuximab and free IONPs. We believe that enhanced intracellular ROS formation is 

an additional mechanism contributing to the cytotoxic effects of cetuximab-IONPs in GBM 

cells after IR, further accounting to the observed radiosensitivity enhancement. GBM cells 

treated with free IONPs combined with IR also demonstrated an enhanced antitumor effect 

and increased formation of intracellular ROS compared to the control group of cells and to 

cells treated with cetuximab alone prior to IR. The observed in vitro radiosensitization effect 

with free IONPs can be explained by the nonspecific uptake of the IONPs by the tumor 

cells, a phenomenon that has already been reported both in vitro and in vivo [39,40]. The 

enhanced ROS generated in GBM cells in vitro after exposure to free IONPs and subsequent 

IR has also been described as a method of IONP -mediated cytotoxicity [26,41].

Surface functionalization of MNPs plays an important role and contributes to enhanced 

targeting and internalization of IONPs in the tumor cells [42]. The targeted IONPs used in 

this study were bioconjugated to cetuximab and used in a 100-fold lower concentration than 

other studies utilizing free IONPs [16,18]. We have found that cetuximab-IONPs can more 

effectively target GBM cells, including GSCs, promote EGFR internalization, disrupt EGFR 

cell signaling, and ultimately increase apoptosis when compared to cetuximab alone [14].

One important aspect of this study was the ability to confirm the radiosensitivity 

enhancement of cetuximab-IONPs in vivo with radioresistant and invasive orthotopic GBM 

xenografts. The U87MGEGFRvIII-expressing GBM cells consistently formed very 

aggressive xenografts in rodents that were also radioresistant, sharing many similarities to 

naturally-occurring human GBM tumors. GBM xenografts were highly infiltrative and 

lethal, proven by the fact that all the animals which underwent CED of HBSS (control 

animals) were dead by day 18 after tumor implantation with a median survival of 15 days. 

Our animal survival studies demonstrated the ability of cetuximab-IONPs to promote 

radiosensitivity enhancement of xenograft tumors after CED by delaying tumor growth and 

significantly improving animal survival compared to cetuximab and control animal 

treatment groups. No toxicity was observed after cetuximab-IONPs treatment both in human 

astrocytes 24 hours after IR application in vitro and in animals after intracerebral 

administration of cetuximab-IONPs and subsequent whole brain IR. The significant 

selective killing of cetuximab-IONPs after IR application further supports our previously 

demonstrated basis of targeted therapy of GBM xenografts in the brain [14,20].

In this study, intratumoral administration of cetuximab-IONPs was performed by CED. This 

method of local delivery can bypass the BBB and overcome the obstacles associated with 

systemic delivery of IONPs to central nervous system (CNS). CED has already been used to 

deliver therapeutic agents for the treatment of malignant gliomas and in humans for the 

treatment of recurrent GBM [43,44]. CED permits homogenous delivery of high 

concentrations of therapeutic agents directly into targeted brain regions, avoiding toxicity to 
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normal tissues and organs [43,45]. CED of cetuximab-IONPs in our mouse GBM model 

resulted in effective intratumoral and peritumoral distribution of cetuximab-IONPs 

confirmed by both MRI and prussian blue staining.

In conclusion, we have demonstrated that cetuximab-IONP treatment of radioresistant 

human GBM can promote radiosensitivity enhancement both in vitro and in vivo. The 

observed radiosensitization effect was found to be associated with both inhibition of DNA 

repair and enhancement of ROS formation. These results suggest that combination therapy 

of targeted cetuximab-IONPs and IR may offer a new strategy to augment the therapeutic 

effects of IR in GBM therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
a & b Cell proliferation analysis (MTT Assay) of U87MGEGFRvIII cells (5 × 103 cells/

well) (a) and Normal Human Astrocytes (5 × 103 cells/well) (b) after treatment with control 

(PBS), IONPs (0.3mg/ml), cetuximab (0.3mg/ml) and cetuximab-IONPs (0.3mg/ml) in 

combination with IR (p<0.05). C. Western blot analysis for expression of cleaved caspase 3 

and caspase 3 of U87MGEGFRvIII cells after treatment with control (PBS), IONPs (0.3mg/

ml), cetuximab (0.3mg/ml) and cetuximab-IONPs (0.3mg/ml) in combination with IR.
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Fig. 2. 
a Immunofluorescent staining of U87MGEGFRvIII cells (20 × 103/well) after treatment 

with control (PBS), IONPs (0.3mg/ml), cetuximab (0.3mg/ml), and cetuximab-IONPs 

(0.3mg/ml) and subsequent single IR dose of 2Gy 24 h post treatment. Fixation of cells 30 

minutes post IR. Green: anti-γH2AX, Blue: DAPI. b Semi-automated density of γH2AX 

foci (number of foci/square inch of nucleus) for each treatment (p<0.05). Fixation of cells 30 

minutes post IR
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Fig. 3. 
a ROS detection in live U87MGEGFRvIII cells (20 × 103/well) after treatment with control 

(PBS), IONPs (0.3mg/ml), cetuximab (0.3mg/ml) and cetuximab-IONPs (0.3mg/ml) and 

subsequent single IR dose of 10Gy 24 h post-treatment. Cells were stained 3 h post IR for 

ROS detection with 5-(and-6)-carboxy-2′,7′ dichlorodihydrofluorescein diacetate (carboxy-

H2DCFDA), a marker for ROS detection in live cells. Green: ROS, Blue: Hoechst 33342. b. 

Left: Induction of ROS in U87MGEGFRvIII cells by tert-butyl hydroperoxide (TBHP), an 

inducer of ROS production (positive control). Right: U87MGEGFRvIII stained for baseline 

ROS expression with 5-(and-6)-carboxy-2′,7′ dichlorodihydrofluorescein diacetate 

(carboxy-H2DCFDA), a marker for ROS detection in live cells (negative control). Green: 

ROS, Blue: Hoechst 33342
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Fig. 4. 
a Hematoxylin & Eosin (H&E) staining of intracranial human U87MGEGFRvIII GBM 

xenograft in athymic nude mouse confirms xenograft formation prior to CED (magnification 

40x). b Prussian Blue staining of athymic nude mouse brain section showing intratumoral 

and peritumoral distribution of bioconjugated cetuximab-IONPs after CED (magnification 

40x). c H&E staining (left) and immunostaining for EGFRvIII (right) of an athymic nude 

mouse which underwent intracranial human U87MGEGFRvIII GBM xenograft implantation 

and subsequent CED of bioconjugated cetuximab-IONPs (magnification 40x)
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Fig. 5. 
a Top: T2-weighted MRI of a control mouse implanted with EGFRvIII-expressing 

orthotopic human GBM xenograft (U87MGEGFRvIII) showing a hyperintense xenograft 

(white arrows) post tumor implantation. Bottom: Serial T2-weighted MRI of a mouse which 

underwent implantation of an EGFRvIII-expressing orthotopic human GBM xenograft 

(U87MGEGFRvIII) and subsequent CED of cetuximab-IONPs. Hypointense MRI signal 

drop after CED of cetuximab-IONPs (red arrows) and hyperintense EGFRvIII-expressing 

human GBM xenograft (white arrows). b Kaplan Meier survival curve comparison of 

athymic nude mice after intracranial implantation of U87MG EGFRvIII cells (2 × 105/

mouse) receiving no treatment (control group) or combination treatment by CED of 

cetuximab (0.3mg/ml) or cetuximab-IONPs (0.3mg/ml) and subsequent IR (10 Gy x 2)
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