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ABSTRACT 

The standard treatment for Glioblastoma Multiforme (GBM) remains maximal safe surgical 
resection. Here, we evaluated the ability of a systemically administered antibody-dye probe 
conjugate (cetuximab-IRDye 800CW) to provide sufficient fluorescent contrast for surgical 
resection of disease in both subcutaneous and orthotopic animal models of GBM. Multiple 
luciferase positive GBM cell lines (D-54MG, U-87MG, U-251MG; n=5) were implanted in 
mouse flank and tumours fluorescently imaged daily using a closed-field NIR system after 
cetuximab-IRDye 800CW systemic administration. Orthotopic models were also generated 
(n=5) and tumour resection was performed under white-light and fluorescence guidance us-
ing an FDA-approved wide-field NIR imaging system. Residual tumour was monitored using 
luciferase imaging. Immunohistochemistry was performed to characterize tumour fluores-
cence, epidermal growth factor receptor (EGFR) expression, and vessel density. Daily imaging 
of tumours revealed an average tumour-to-background (TBR) of 4.5 for U-87MG, 4.1 for 
D-54MG, and 3.7 for U-251MG. Fluorescence intensity within the tumours peaked on day-1 
post cetuximab-IRDye 800CW administration, however the TBR increased over time in two 
of the three cell lines. For the orthotopic model, TBR on surgery day ranged from 19 to 23 
during wide-field, intraoperative imaging. Surgical resection under white-light on day 3 post 
cetuximab-IRDye 800CW resulted in an average 41% reduction in luciferase signal while flu-
orescence-guided resection using wide-field NIR imaging resulted in a significantly (P=0.001) 
greater reduction in luciferase signal (87%). Reduction of luciferase signal was found to cor-
relate (R2=0.99) with reduction in fluorescence intensity. Fluorescence intensity was found to 
correlate (P<0.05) with EGFR expression in D-54MG and U-251MG tumour types but not 
U-87MG. However, tumour fluorescence was found to correlate with vessel density for the 
U-87MG tumours. Here we show systemic administration of cetuximab-IRDye 800CW in 
combination with wide-field NIR imaging provided robust and specific fluorescence contrast 
for successful localization of disease in subcutaneous and orthotopic animal models of GBM.
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INTRODUCTION

Maximal safe surgical resection remains the primary standard of care for the treatment of 
Glioblastoma Multiforme (GBM). Retrospective studies have provided substantial evidence 
that extent of resection is a predictor of survival with anywhere between a 70% and 98% 
extent of resection required to positively impact survival and a maximum post-resection re-
sidual volume of 5cm3 required to reach a threshold that increases median survival.1-3 In one 
clinical study, researchers found that total resection (>95%) led to a median survival of 19 
months compared to a median survival of 15.9 months for patients that received partial re-
section.4 GBM is characteristically infiltrative with poorly defined margins. Neoplastic cells 
often migrate along axonal fibers and perivascular spaces deep within the tissue and beyond 
the preoperatively mapped disease site,5 such that discernment of the tumour border zone is 
challenging even at the histopathological level.6,7 While ongoing refinements in surgical tech-
niques are encouraging, a major methodological limitation has remained the inability of the 
surgeon to visualize cancer from normal tissue during microscopic resection. Compounding 
this limitation is the inability of the surgeon to mechanically palpate potential disease areas 
during microsurgical procedures. In some cases, the lack of sufficient contrast to delineate 
infiltrative tumour borders in eloquent areas has discouraged surgical treatment altogether.8,9 
These limitations illustrate the need for novel intraoperative techniques to improve tumour 
residual visualization during surgical resection of malignant glioma.

Optical-assisted surgery is gaining ground in the clinical arena with several clinical trials un-
derway to evaluate the performance of fluorescence-guided resection in several cancer types. 
The advantage of fluorescence-guided surgery is that it localizes diseased tissue that would 
otherwise remain undetected under white light. In phase III clinical trials, oral administra-
tion of 5-aminolevulinic acid (5-ALA), which is converted in metabolically active cells to a 
fluorescent compound (protoporphyrin IX), preferentially accumulates in tumour cells and 
can be measured in the red range. Clinical application using 5-ALA for fluorescent-guided 
surgical resection of GBM has shown positive results with 54-70% of cases achieving total 
resection10,11 and an improved 9.5 month progression free survival.12,13 While these results 
are promising, there may be significant room for improved tumour imaging given that there 
is potential for greater tissue attenuation when imaging with the 5-ALA derivative, pro-
toporphyrin IX because it absorbs blue light (approximately 400 nm) and emits in the red 
range (approximately 640 nm). In this bandwidth, there is significantly less tissue penetra-
tion and higher autofluorescence compared to working in the near-infrared (NIR) range 
(~800 nm).  Despite these limitations, 5-ALA in malignant glioma surgery was one of the 
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first  ‘proof-of-principle’ agents to confirm that fluorescent-guided surgery could be used to 
improve surgical resections. 

With the frequent overexpression of epidermal growth factor receptor (EGFR) in GBM and 
the safety and specificity of FDA-approved monoclonal antibodies (mAbs), antibody target-
ing of aberrantly expressed EGFR offers great potential to provide robust tumour localization 
in GBM.14, 15 The feasibility of mAb use for targeting glioma is based on the several clini-
cal trials currently ongoing to evaluate mAb therapy in glioma (clinicaltrials.gov identifier: 
NCT01475006, NCT01884740, NCT01238237). EGFR is overexpressed or mutated in 40% of 
GBM, and is expressed at very low levels in normal brain.16 Recent studies have demonstrat-
ed sensitive and specific cancer imaging for fluorescent-guided resection using NIR probes 
conjugated to FDA approved mAb in several cancer types.17-25 Recently, the technique was 
translated into patients with a phase I dose-escalation trial to determine the safety profile of 
cetuximab-IRDye 800CW in subjects with head and neck cancer (PI: E. Rosenthal, clinical-
trials.gov identifier: NCT01987375).

The objective of the current study was to determine if cetuximab-IRDye800CW (henceforth 
referred to as cetuximab-IRDye800) can be used to detect and assist cancer resection in ani-
mal models of GBM. A wide-field, intraoperative NIR imaging device (Luna, Novadaq, Boni-
ta Springs, FL), which is currently FDA-approved for imaging vascular perfusion, was used to 
localize IRDye800 fluorescence in situ. In addition, a closed-field NIR imaging device (Pearl, 
LI-COR Biosciences, Lincoln, NE) and fluorescence scanner (Odyssey, LI-COR) was used to 
validate accumulation of cetuximab-IRDye800 in tumour and normal tissue via fluorescence 
localization. Fluorescence-guided surgical resection of cancer using FDA-approved agents 
and instrumentation accelerates the translation of this approach. 

METHODS

CELL LINES AND ANIMAL MODELS 
Cell lines and animal models were maintained and generated by the UAB Brain Tumour An-
imal Models Core Facility (USPHS NIH P20 CA151129). Human glioma cell lines D-54MG 
and U-251MG were gifts from Darell D. Bigner (Duke University, Durham NC), and U-87MG 
was procured from the American Tissue Type Collection (Manassas, VA) and maintained in 
Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 with 7% fetal bovine serum and 2.6mM 
L-glutamine. Cells were cultured at 37°C and 5% CO2, passaged at 70-90% confluence, and 
harvested with 0.05% trypsin/0.53mM EDTA. For the animal models, athymic female nude 
mice (aged 6-8 weeks) were obtained from Frederick Cancer Research (Frederick, MD). Cell 
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lines were genetically modified with a luciferase-expressing construct (Addgene, Cambridge, 
MA). For subcutaneous inoculation, 2x106 D-54MG, U-251MG, or U-87MG cells (n=5) 
were implanted in the right midsection. Three weeks post implant (average tumour size: 
188.3±15mm3), mice were stratified into equal groups based on tumour luciferase expression 
by bioluminescence imaging (BLI, IVIS-100, Caliper Life Sciences, Waltham, MA). For intra-
cranial inoculation, approximately 5x105 D-54MG or U-251MG cells (n=5) in 5μl of methyl-
cellulose were injected 2mm anterior and 1mm lateral to the bregma at a depth of 2mm over 
2min for adequate perfusion. Tumour formation and growth was monitored every three days 
via BLI. Approximately 2 weeks post implant, mice were stratified into equal groups based 
on tumour BLI. Institutional Animal Care and Use Committee (IACUC) at the University of 
Alabama at Birmingham approved all animal protocols (APN 130908793; 140310064).
 
CETUXIMAB-IRDYE800 CONJUGATION
Conjugation of cetuximab to IRDye800 was performed under cGMP conditions as previously 
reported (Zinn et al, Mol Imaging Biol, In Press). Briefly, cetuximab® (ImClone LLC, subsid-
iary of Eli Lilly and Company, Branchburg, NJ) was concentrated and pH adjusted by buffer 
exchange to a 10mg/ml solution in 50mM potassium phosphate, pH 8.5. IRDye800CW NHS 
ester (LI-COR) was conjugated to cetuximab for 2hrs at 20ºC in the dark, at a molar ratio of 
2.3:1. After column filtration to remove unconjugated dye and exchange buffer to phosphate 
buffered saline (PBS), pH 7, the final protein concentration adjusted to 2mg/ml, the product 
was sterilized by filtration and placed into single use vials and stored at 4°C until used.

Image acquisition and analysis: All groups received 0.1mg cetuximab-IRDye800 (25mg/m2, 
1/10 therapeutic cetuximab dose) intravenously (tail vein) prior to daily imaging with the 
NIR wide-field Luna system (Novadaq) and NIR closed-field Pearl system (LI-COR). Imaging 
was performed for 11 days post agent injection. During injections and imaging procedures, 
mice were anesthetized using vaporized isoflurane. For closed-field image analysis, mean flu-
orescent intensity (MFI), defined as total counts/region of interest (ROI) pixel area, was cal-
culated using custom ROI generated for each specimen using integrated instrument software 
(ImageStudio, LI-COR). Tumour-to-background ratio (TBR) was calculated using MFI from 
tumour divided by MFI of peritumoural tissue. For BLI acquisitions, animals were injected 
intraperitoneally (IP) with 2.5mg D-luciferin (122796, Perkin Elmer, Waltham, MA) followed 
by a 15min perfusion period. All animals were then imaged for bioluminescence expression 
using the IVIS-100 system. Instrument acquisition settings were kept constant throughout 
study. For quantification of BLI signal, integrated instrument software was used to create size-
matched ROIs, which were placed over tumour and total counts recorded. 
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SURGICAL PROCEDURES
All surgical procedures were performed by a UAB surgical resident (M. Korb). Twelve days 
post (subcutaneous model) or three days post (orthotopic model) cetuximab-IRDye800 in-
jection; animals received 2.5mg D-luciferin IP 15min prior to sacrificing for tumour resec-
tion. After euthanasia by cervical dislocation, the skin (covering the tumour) and/or skullcap 
was removed and exposed tumour mass or brain was imaged (pre-resection acquisition) with 
closed-field and wide-field systems. After pre-resection imaging, tumours were excised using 
white light followed by BLI imaging of the wound bed. Using wide-field imaging, residual 
fluorescence tumour was removed and BLI imaging was again performed to confirm the pres-
ence of luciferase-positive cancer cells. For final BLI measurement, a luciferin reagent with 
ATP-Mg2+ (Promega, E1483, Madison, WI) was bathed and incubated on the wound bed for 
10min prior to imaging. 

IMMUNOHISTOCHEMISTRY
Fluorescence immunohistochemistry was performed as previously described.20 Five μm sec-
tions were cut from the paraffin blocks and antigen retrieval was accomplished by heating 
in 1mM EDTA, pH 9.0, for 10min at 90°C. Samples were cooled to room temperature and 
blocked with 5% BSA in TBST for 5min at room temperature. A rabbit anti-EGFR antibody 
(ab2430, abcam, Cambridge, MA) was used to characterize EGFR expression and a mouse 
anti-factor VIII (ab139391, abcam, Cambridge, MA) was used to characterize vessel density 
via factor VIII. Primary antibodies were applied at the recommended concentrations and 
incubated overnight at 4°C. After washing, an anti-rabbit IgG-Alexa 546 antibody (A-11035, 
Life Technologies, Carlsbad, CA) was applied followed by an anti-mouse IgG-Alexa 488 an-
tibody (A-11001, Life Technologies, Carlsbad, CA) at manufacturer recommendation. After 
washing, slides were imaged by a blinded operator (J. Kovar) using an Olympus IX81 Invert-
ed Microscope equipped with a halogen bulb and following filters (Alexa 488: EX 488/20, 
DC495LP; EM 525/50; Alexa 546: EXET545/30x, T570LP, EM ET620/60M; IRDye800: EX: 
HQ760/40x, 790DCXR, EM: HQ830/50m; Chroma Technology Corp., Rockingham, VT).   

STATISTICAL ANALYSIS 
All statistical analyses were performed using SPSS 21.0 (SPSS Inc, Chicago, IL, USA). De-
scriptive statistics were calculated for variables of interest. A Student’s t test was used to deter-
mine the statistical significance unless otherwise stated. Linear regression was used to assess 
associations between described metrics (i.e. EGFR/factorVIII or bioluminescence/fluores-
cence). P-values <0.05 were considered statistically significant. Data with error bars represent 
mean ± SD.
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Figure 1 Cetuximab-IRDye 800CW in a subcutaneous xenograft model of malignant glioma. Cetux-
imab-IRDye 800CW was systemically injected (tail vein) in athymic nude mice bearing (a) D-54MG tu-
mours, (b) U-251MG tumours, and (c) U-87MG tumours. Mice were imaged using closed-field system 
over 11 days. Tumour mean pixel intensity, background mean pixel intensity, and tumour-to-background 
ratio (TBR) were recorded. (d) Fluorescent images using the closed-field system are shown of respective 
tumours receiving cetuximab-IRDye 800CW on day 3 post administration. (e-h) Fluorescent images of 
representative luciferase positive D-54MG tumour resection shows (e) skin removed, (f) tumour resection 
revealing positive fluorescence margins, (g) residual tumour confirmed using bioluminescence imaging, 
and (h) complete resection of positive margins as determined by fluorescent imaging. Values are mean 
fluorescence intensity and TBR ± SD.

RESULTS

CETUXIMAB-IRDYE800 IN A SUBCUTANEOUS XENOGRAFT MODEL OF 
MALIGNANT GLIOMA
To evaluate the potential of Cetuximab-IRDye800 to provide sufficient fluorescence contrast 
to differentiate between disease and surrounding normal tissue, a subcutaneous model was 
used due to the improved tolerance of the animals, permitting longer study duration for op-
timal characterization of fluorescence changes over time. As shown in Figure 1a, D-54MG 
xenograft tumours exhibited a 2.7-fold increase in fluorescence, or TBR, compared to sur-
rounding normal tissue at 24hrs post cetuximab-IRDye800 injection, when imaged using the 
closed-field Pearl system. The same results were also seen for the U-251MG (Fig. 1b) and 
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U-87MG (Fig. 1c) cell lines, with a TBR of 2.5 and 4.0, respectively, at 24hrs post injection. 
This trend continued at each imaging time point with a significantly (P<0.05) greater MFI in 
the tumour compared to normal surrounding tissue. Additionally, the TBR was also shown 
to increase over time for the D-54MG and U-251MG tumours with a significantly (P<0.05) 
greater TBR at day 11 versus day 1 post cetuximab-IRDye800 injection. For the U-87MG 
cell tumour, there was no significant difference in TBR over time. However, the average TBR 
between the cell lines was not significantly (P=0.35) different at day 11. When the TBR values 
were averaged across the study duration, U-87MG had the highest (4.5) followed by D-54MG 
(4.1) and U-251MG (3.7). Representative images are shown in Figure 1d of mice bearing 
D-54MG, U-251MG, and U-87MG tumours acquired using the closed-field fluorescence in-
strument on day 3 post cetuximab-IRDye800 injection.   

On day 11, tumours were surgically resected from the mouse flank using white light. As shown 
in Figure 1e, once the skin was removed from each tumour, fluorescence imaging was per-
formed using the wide-field instrument. Figure 1f shows wide-field fluorescence imaging of 
post-resection wound bed revealing presence of residual fluorescence, which was confirmed 

Figure 2: Fluorescence immunohistochemistry and cell staining of malignant glioma. (a) Quantification of histological sections of resected D54, U251, and U87 
flank tumors fluorescently probed for EGFR and factorVIII. Values are mean fluorescence counts +/- standard deviation. Representative 40x microscopic 
images are shown of fluorescence immunohistological staining for (b) cetuximab-IRDye800 accumulation, (c) EGFR expression, (d) factor VIII expression, and 
(e) corresponding composite from a U251 tumor.  
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Figure 2 Fluorescence immunohistochemistry and cell staining of malignant glioma. (a) Quan-
tification of histological sections of resected D54, U251, and U87 flank tumors fluorescently probed for 
EGFR and factorVIII. Values are mean fluorescence counts +/- standard deviation. Representative 40x 
microscopic images are shown of fluorescence immunohistological staining for (b) cetuximab-IRDye800 
accumulation, (c) EGFR expression, (d) factor VIII expression, and (e) corresponding composite from a 
U251 tumor. 
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to be tumour using bioluminescence imaging (Fig. 1g). In Figure 1h, wide-field fluorescence 
imaging was used to remove residual tumour tissue.  

COMPARISON OF EGFR EXPRESSION, VESSEL DENSITY, AND FLUORES-
CENCE AMONG CELL LINES 
To evaluate cellular and intratumoural characteristics affecting cetuximab-IRDye800 tumour 
accumulation, as determined using fluorescence imaging, relative EGFR expression and 
vessel density were measured. As shown in Figure 2a, U-87MG tumours (8.4x105 ± 1.2x104 

MFI) had significantly (P=0.009) greater EGFR expression over D-54MG tumours (5.6x105 

± 1.3x104 MFI) when EGFR expression was measured in resected tumours using immu-
nohistochemistry. Likewise, D-54MG EGFR expression was significantly (P=0.04) greater 
than U-251MG EGFR expression (4.3x105 ± 1.1x104 MFI). When vessel density was evalu-
ated, U-87MG had the highest expression of factor VIII relative to U-251MG (P=0.22) and 
D-54MG (P=0.001). When IRDye800 fluorescence was measured in slide-mounted tumour 
sections, D-54MG (4.3x105 ± 1.2x105 MFI) and U-251MG (4.3x105 ± 1.2x105 MFI) were not 
significantly (P=0.78) different while U-87MG (2.5x105 ± 8.8x104 MFI) was significantly 
(P=0.04) lower than D-54MG. Univariate analysis showed a strong association between the 
EGFR expression and fluorescence intensity in D-54MG and U-251MG tumours (P<0.001 
and P=0.02, respectively). No association between the EGFR expression and fluorescence in-
tensity in U-87MG tumours were seen (P > 0.05). U-87MG vascular density, however, showed 
a strong association with the fluorescence intensity (P<0.001), while D-54MG and U-251MG 
did not (P>0.05). Representative fluorescence microscopy (40x) images from a U-251MG 
tumour reveal cetuximab-IRDye800 accumulation (Fig. 2b), EGFR expression (Fig. 2c), and 
factor VIII expression (Fig. 2d). Figure 2e shows composite image of each fluorescent channel. 

FLUORESCENCE-GUIDED TUMOUR RESECTION IN AN ORTHOTOPIC 
MODEL OF MALIGNANT GLIOMA USING D-54MG CELLS
To evaluate the fluorescence contrast of systemically administered cetuximab-IRDye800 for 
disease delineation in a surgical setting with human glioma; an orthotopic animal model was 
generated using luciferase positive D-54MG or U-251MG cells. In Figure 3a, representative 
images are shown of BLI, wide-field fluorescence imaging, and closed-field fluorescence im-
aging of skin and skullcap removed in a mouse bearing D-54MG orthotopic tumour. The 
tumour, which is localized using BLI, is shown to be brightly fluorescent during imaging 
acquisition using the respective instruments. A pre-resection (skin and skullcap removed) 
TBR of 8.6 ± 3.4 was calculated for the closed-field system while a TBR of 23.2 ± 5.1 was cal-
culated for the wide-field, intraoperative system. Figure 3b shows BLI, wide-field, and closed-
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Figure 3: Qualitative analysis of cetuximab-IRdye800 in an orthotopic xenograft model of malignant glioma using D54 cells. Cetuximab-IRDye800 was 
systemically injected (tail vein) in athymic nude mice bearing orthotopic bioluminescent positive D54 tumors. Fluorescence (Luna and Pearl imaging 
systems) and bioluminescent images were acquired during (a) pre-resection (skin and skullcap removed), (b) post-optical resection, and (c) post-
fluorescence resection at day 3 post cetuximab-IRDye800 injection. (d) Percent of signal reduction from pre-resection was calculated using fluorescent and 
bioluminescent imaging at post-optical imaging and post-fluorescent imaging time points. (e) Regression analysis was performed by plotting fluorescence 
signal (y-axis) against luminescence signal (x-axis) at (i) pre-resection, (ii) post-optical resection, and (iii) post-fluorescent resection. Error bars are standard 
deviation and asterisks denote p<0.05.   
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Figure 3 Qualitative analysis of cetuximab-IRdye800 in an orthotopic xenograft model of malig-
nant glioma using D54 cells. Cetuximab-IRDye800 was systemically injected (tail vein) in athymic nude 
mice bearing orthotopic bioluminescent positive D54 tumors. Fluorescence (Luna and Pearl imaging sys-
tems) and bioluminescent images were acquired during (a) pre-resection (skin and skullcap removed), (b) 
post-optical resection, and (c) post-fluorescence resection at day 3 post cetuximab-IRDye800 injection. 
(d) Percent of signal reduction from pre-resection was calculated using fluorescent and bioluminescent 
imaging at post-optical imaging and post-fluorescent imaging time points. (e) Regression analysis was 
performed by plotting fluorescence signal (y-axis) against luminescence signal (x-axis) at (i) pre-resec-
tion, (ii) post-optical resection, and (iii) post-fluorescent resection. Error bars are standard deviation and 
asterisks denote p<0.05.

field imaging acquired post conventional white-light resection of the orthotopic tumour. BLI, 
wide-field, and closed-field imaging post fluorescence-guided resection is shown in Figure 
3c. Quantification of BLI and fluorescence (Fig. 3d) revealed a 41% reduction in biolumines-
cence signal and 22% reduction in fluorescence signal, relative to pre-resection values, was 
achieved using white-light resection. However, there was a significantly greater reduction in 
luminescence (87%, P=0.001) and fluorescence (62%, P=0.004) observed when using fluo-
rescence-guided resection. In Figure 3e, regression analysis revealed a significant correlation 
(R2=0.99) between fluorescence and luminescence signal at (i) pre-resection, (ii) post-optical 
resection, and (iii) post-fluorescent resection. Importantly, a significant decrease in lumines-
cence (P=0.02) and fluorescence (P=0.04) signal was observed after fluorescence resection, 
but not white-light resection (P>0.05). 
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FLUORESCENCE-GUIDED TUMOUR RESECTION IN AN ORTHOTOPIC 
MODEL OF MALIGNANT GLIOMA USING U-251MG CELLS
Using a cell line of contrasting EGFR expression relative to D-54MG, similar results were 
observed for the U-251MG tumours. In Figure 4a, representative images are shown of BLI, 
wide-field fluorescence imaging, and closed-field fluorescence imaging of a mouse bearing 
U-251MG orthotopic tumour with skin and skullcap removed. The tumour, which is localized 
using BLI, is shown to be brightly fluorescent during imaging acquisition using the respec-
tive instruments. A pre-resection (skin and skullcap removed) TBR of 7.2 ± 2.6 was calcu-
lated for the closed-field system while a TBR of 19.5 ± 4.2 was calculated for the wide-field, 
intraoperative system. Figure 4b shows BLI, wide-field, and closed-field imaging acquired 
post conventional white-light resection of the orthotopic tumour. BLI, wide-field, and closed-
field imaging post fluorescence-guided resection is shown in Figure 4c. For the U-251MG 
tumour, white-light resection achieved a 70% reduction in bioluminescence signal and 20% 

Figure 4: Qualitative analysis of cetuximab-IRdye800 in an orthotopic xenograft model of malignant glioma using U251 cells. Cetuximab-IRDye800 was 
systemically injected (tail vein) in athymic nude mice bearing orthotopic bioluminescent positive U251 tumors. Fluorescence (Luna and Pearl imaging 
systems) and bioluminescent images were acquired during (a) pre-resection (skin and skull-cap removed), (b) post-white-light resection, and (c) post-
fluorescence resection at day 3 post cetuximab-IRDye800 injection. (d) Percent of signal reduction from pre-resection was calculated using fluorescent and 
bioluminescent imaging at post-optical imaging and post-fluorescent imaging time points. (e) Regression analysis was performed by plotting fluorescence 
signal (y-axis) against luminescence signal (x-axis) at (i) pre-resection, (ii) post-optical resection, and (iii) post-fluorescent resection. Error bars are standard 
deviation and asterisks denote P<0.05.   
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Figure 4 Qualitative analysis of cetuximab-IRdye800 in an orthotopic xenograft model of malignant 
glioma using U251 cells. Cetuximab-IRDye800 was systemically injected (tail vein) in athymic nude mice 
bearing orthotopic bioluminescent positive U251 tumors. Fluorescence (Luna and Pearl imaging systems) 
and bioluminescent images were acquired during (a) pre-resection (skin and skull-cap removed), (b) post-
white-light resection, and (c) post-fluorescence resection at day 3 post cetuximab-IRDye800 injection. 
(d) Percent of signal reduction from pre-resection was calculated using fluorescent and bioluminescent 
imaging at post-optical imaging and post-fluorescent imaging time points. (e) Regression analysis was 
performed by plotting fluorescence signal (y-axis) against luminescence signal (x-axis) at (i) pre-resec-
tion, (ii) post-optical resection, and (iii) post-fluorescent resection. Error bars are standard deviation and 
asterisks denote P<0.05.  
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reduction in fluorescence signal, relative to pre-resection values (Figure 4d). Just as with the 
previous cell line, there was a significantly greater reduction in luminescence (88%, P=0.008) 
and fluorescence (45%, P=0.007) observed for U-251MG tumour resection when using fluo-
rescence-guidance. Regression analysis revealed a significant correlation (R2=0.99) between 
fluorescence and luminescence signal at (i) pre-resection, (ii) post-optical resection, and (iii) 
post-fluorescent resection (Figure 4e). For the U-251MG tumours, there was a significant 
decrease in luminescence (P=0.03) and fluorescence (P=0.02) signal that was observed after 
fluorescence resection.

DISCUSSION

The objective of this study was to evaluate the capacity of systemically administered cetux-
imab-IRDye800 to provide sufficient contrast for fluorescence-guided resection of GBM. The 
optical probe consists of a commercially available NIR dye conjugated to an FDA-approved 
mAb to specifically target and optically localize cancer. We have previously shown that the 
covalent conjugation of these molecules does not alter the dye properties or binding affinity of 
the antibody and the conjugate remains intact post systemic administration.26 When evaluat-
ing the fluorescence-guided resection strategy in an orthotopic model, luciferase positive cells 
were used to permit real-time localization of residual tumour during post-mortem resections 
of GBM in situ. Utilizing this dual-modality approach, we demonstrated that a significantly 
greater amount of tumour was removed using fluorescence-guided resection compared to 
white-light resection in both the D-54MG and U-251MG tumours, as determined by biolu-
minescence signal reduction. When results from fluorescence and bioluminescence imaging 
were compared at each imaging time point, there was a significant correlation between the 
two signals, demonstrating that the fluorescence generated from the cetuximab-conjugated 
IRDye800 molecule was associated with the luciferase positive tumour tissue. The results 
from the orthotopic models also confirmed the ability of the antibody-dye conjugate to ex-
travasate and invade the diseased tissue due to the breakdown of the blood brain barrier 
commonly associated with glioma.27 While it was not practicable to perform survival surgery 
on the orthotopic mouse model for this proof-of-principle study, the size of these tumours 
represents an excellent example of residual tumour following a more extensive resection that 
would likely be performed in patients.  As such, the ability to identify intraoperatively what 
would represent residual tumour in patients readily suggests the obvious potential of this 
adjunct. 
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During the study, multiple GBM cell lines were used in both subcutaneous and orthotopic 
animal models. The subcutaneous model was used due to the improved tolerance of the an-
imals for this tumour location, permitting longer study duration to identify the optimal day 
to perform surgery. Results of the subcutaneous modeling showed that TBR increased over 
time for the D-54MG and U-251MG tumours with a significantly greater TBR at day 11 ver-
sus day 1 post cetuximab-IRDye800 injection. Considering the tumour fluorescence did not 
increase over time, the observed increase in TBR was due to a slower rate of fluorescence 
clearance within the tumour compared to surrounding normal tissue. In the U-87MG tu-
mour, the rate of fluorescence clearance was similar between the tumour and background 
tissue leading to no significant difference in TBR over time. This was due to the higher tu-
mour fluorescence observed in the U-87MG tumours at earlier time points relative to the 
D-54MG and U-251MG tumours. Univariate analysis showed a strong association between 
EGFR expression and fluorescence intensity for D-54MG and U-251MG tumours while no 
association between the EGFR expression and fluorescence intensity was seen for U-87MG 
tumours. U-87MG vascular density, however, showed a strong association with the fluores-
cence intensity, while D-54MG and U-251MG did not. These results suggest that the increase 
in vessel density within the U-87MG tumours led to relatively higher fluorescence due to a 
higher blood-pool volume found within these tumours. The greater vessel density observed 
in the U-87MG tumours is consistent with similar studies evaluating vascularity and anti-an-
giogenic treatments.28-30 However, the average TBR between the cell lines was not significantly 
(P=0.35) different at day 11. When the TBR was calculated during daily imaging, albeit at-
tenuated by skin, values were averaged across the study duration revealing U-87MG to have 
highest (4.5) followed by D-54MG (4.1) and U-251MG (3.7).

With new fluorescence-guided resection strategies quickly being introduced, the success of 
the strategy does not solely depend on the achieved signal intensity targeted within the tissue 
of interest. Successful approaches must achieve greater accumulation of the respective probe 
in the tumour relative to normal surrounding tissue. The TBR (3-5) produced during the 
study was sufficient to assist in tumour localization in subcutaneous models. In the orthotopic 
models, the TBR was calculated to range from 19-23 for the intraoperative instrument (Luna) 
on the day of surgery. TBRs in this range have been proven successful for disease localization 
in situ when using NIR imaging strategy.17-20,26,31 In a similar study evaluating an integrin-tar-
geted peptide conjugated to IRDye800, investigators measured an average TBR of 2.5 during 
intravital daily imaging of multiple GBM animal models.32 Ex vivo imaging of tumour-bear-
ing brains showed an average TBR of 42 between the multiple cell lines tested. While the 
generation of this ratio of tumour to normal tissue fluorescence is subject to background 
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value origin, similar studies evaluating antibody-based approaches to fluorescence-guided 
resection in other cancer types have shown similar TBR values sufficient for successful delin-
eation and surgical resection of disease.19,22,31,33

In the orthotopic fluorescence images produced during the study, low-level fluorescence in-
tensity is shown in normal areas of the brain surrounding the tumor. This may be perceived 
as non-specific fluorescence due to antibody accumulation in uninvolved areas of the brain. 
However, as with most photon based imaging techniques, the perception of specificity can be 
adjusted using thresholding of the color map using onboard instrument software. By adjust-
ing the thresholding, the upper and lower limits of photon intensity per pixel can be gated 
for the entire image. The threshold values (upper and lower limits on the color look up table) 
were maintained constant for all images shown. In order to keep these values consistent be-
tween cell lines, the lower limit value had to be low enough to demonstrate fluorescence signal 
in the weakest cell line. When this value was applied to the higher fluorescing cell line, the 
scattering of fluorescence intensity is shown in the surrounding normal tissue. If the thresh-
olding was tailored for each cell line, the lower intensity pixels would not be assigned color 
and the signal would appear specific to the tumor. The authors chose keep the thresholding 
constant throughout the study in order to show the differences in fluorescence intensity be-
tween cell lines.

This approach to fluorescence-guided resection of GBM is a viable candidate for entry into 
the clinical arena for multiple reasons. Firstly, the monoclonal antibody is FDA-approved 
and targets a receptor with the greatest overexpression in GBM.14, 15 In addition, clinical trials 
evaluating cetuximab in GBM have been performed34 and are ongoing (clinicaltrials.gov iden-
tifier: NCT01884740, NCT01238237). Secondly, the toxicity of IRDye800 has been evaluated 
in a preclinical model and the FDA currently holds a drug master file for the NIR molecule.35 
In addition, current neurosurgery microscopes (Zeiss and Leica brands) are designed to im-
age NIR dyes and are already in place in most operating rooms. Lastly, the toxicity of cetux-
imab-IRDye800 has been assessed in non-human primates (Zinn et al, Mol Imaging Biol, In 
Press) and is currently being evaluated in a phase 1, open label study assessing the safety and 
pharmacokinetics of escalating doses (clinicaltrials.gov identifier: NCT01987375). A second-
ary objective of this phase 1 study is to evaluate cetuximab-IRDye800 as an optical imaging 
agent to detect head and neck squamous cell carcinoma during surgical procedures.
The use of cetuximab-IRDy800 to target glioma for fluorescence-guided surgery is viable 
strategy considering EGFR has the unique classification of being the most aberrantly ex-
pressed gene in glioma, making it a robust target for fluorescence-guided surgery.14, 15 By tar-
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geting EGFR for imaging, therapeutic barriers, such as KRAS mutation, are not a limitation 
considering constitutive tyrosine kinase signaling does not affect the ability of a mAb to target 
and bind EGFR. Additionally, It has been shown that expression levels of EGFR (both wild 
type and mutant) directly correlate with the grade of the tumour. For example, studies have 
revealed that 60% of primary GBMs display an overexpression of EGFR compared to 10% 
prevalence for secondary GBM.36, 37 Also, more than 90% of GBMs are primary GBMs, mean-
ing they developed without evidence of an earlier lower-grade astrocytoma.37

CONCLUSION

Here, cetuximab-IRDye800 was shown to provide sufficient contrast for disease localization 
in mouse models of GBM. This study represents the first full antibody-based approach to 
fluorescence-guided surgical resection of GBM in preclinical models. Implementation of this 
strategy would introduce the first immuno-based approach to fluorescence-guided surgery 
in GBM resection, utilizing the most aberrantly expressed molecular marker and a superior 
fluorescence probe leading to higher signal contrast than what is currently available. 
The authors have no conflict of interest
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