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Noninvasive imaging of the epidermal growth factor receptor (EGFR) in head-and-neck squamous cell carcinoma could

be of value to select patients for EGFR-targeted therapy. We assessed dose optimization of 111Indium-DTPA-cetuximab

(111In-cetuximab) for EGFR imaging in a head-and-neck squamous cell carcinoma xenograft model. 111In-cetuximab slowly

internalized into FaDu cells in vitro, amounting to 1.0 3 104 molecules cetuximab per cell after 24 hr (15.8% of added

activity). In nude mice with subcutaneous FaDu xenograft tumors, a protein dose escalation study with 111In-cetuximab

showed highest specific accumulation in tumors at protein doses between 1 and 30 lg per mouse (mean tumor uptake 33.1

6 3.1%ID/g, 3 days postinjection (p.i.)). The biodistribution of 111In-cetuximab and 125I-cetuximab was determined at 1, 3

and 7 days p.i. at optimal protein dose. Tumor uptake was favorable for 111In-cetuximab compared to 125I-cetuximab. With

pixel-by-pixel analysis, good correlations were found between intratumoral distribution of 111In-cetuximab as determined by

autoradiography and EGFR expression in the same tumor sections as determined immunohistochemically (mean r 5 0.74 6

0.14; all correlations p < 0.0001). Micro Single Photon Emission Computed Tomography (MicroSPECT) scans clearly visualized

FaDu tumors from 1 day p.i. onward and tumor-to-background contrast increased until 7 days p.i. (tumor-to-liver ratios

0.58 6 0.24, 3.42 6 0.66, 8.99 6 4.66 and 16.33 6 11.56, at day 0, day 1, day 3 and day 7 p.i., respectively). Our study

suggests that, at optimal cetuximab imaging dose, 111In-cetuximab can be used for visualization of EGFR expression in

head-and-neck squamous cell carcinoma using SPECT.

Introduction
Targeted therapy is becoming an increasingly important com-
ponent in the treatment of cancer. Growth factor receptors
form a class of therapeutic targets regulating proliferation, dif-
ferentiation and survival of malignant cells.1 The epidermal
growth factor receptor (EGFR), a receptor tyrosine kinase, is
overexpressed in the majority of epithelial malignancies and
plays a pivotal role in cellular proliferation, DNA repair and
regulation responses to hypoxia—three major parameters
determining radiation resistance.2,3 Furthermore, EGFR over-
expression is associated with advanced tumor stage and poor
prognosis in several epithelial cancer types, among which
head-and-neck cancer.4,5 Treatment resistance can be counter-
acted by blockage of EGFR signaling with anti-EGFR antibod-
ies such as IMC-C225 (cetuximab, Erbitux) and panitumumab
(ABX-EGF, Vectibix). Cetuximab is a chimeric IgG1 monoclo-
nal antibody (mAb) that binds to EGFR with high affinity. It
competitively inhibits EGF binding to EGFR and is internal-
ized to an extent comparable to EGF. The antibody downregu-
lates surface EGFR expression in a dose-dependent manner
and does not elicit receptor phosphorylation.6 Cetuximab has
been shown to potentiate the antitumor effect of chemothera-
peutic agents.7,8 Furthermore, addition of cetuximab to radio-
therapy for locoregionally advanced head-and-neck cancer has
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shown improved locoregional control and overall survival in
comparison with radiotherapy alone.9,10 However, not all
patients respond to EGFR inhibition, but all patients experi-
ence toxicity induced by these therapeutics. Monitoring of bio-
logically relevant tumor characteristics before treatment may
enable selection of patients on an individual basis. Most assays
are limited in that they require invasive sampling and are
prone to sampling errors, therefore impeding their introduc-
tion into routine clinical practice. Noninvasive imaging with
anti-EGFR antibodies could enable visualization and quantifi-
cation of tumor EGFR expression, thereby aiding in the choice
to commence EGFR-targeted therapy, or to assess therapeutic
response to, for example, radiotherapy.11

Preclinical monoclonal antibody imaging studies of EGFR
have been performed in various tumor models, among which
head-and-neck squamous cell carcinoma cell lines, with
cetuximab and other mAbs.12–19 Results of the various stud-
ies show discrepancies as to whether the uptake of the used
radiotracer accurately represents tumoral EGFR expression.
Factors such as tumor vascularity and permeability and in-
herent pharmacodynamic properties of radiotracers play a
considerable role in proper EGFR imaging. However, setup
of the various preclinical studies varies, with differences for
instance in methods of quantifying EGFR expression in the
studied tumor models, in injected cetuximab dose, (non)resi-
dualizing properties of used radionuclides and time interval
between injection of radiolabeled cetuximab and imaging.
Clinical mAb (C)225 imaging studies are scarce and of a
preliminary or radiodosimetric nature.20,21

The aim of our study was to optimize a noninvasive cetuxi-
mab-based imaging method of EGFR expression in a head-
and-neck squamous cell carcinoma xenograft model. For this
purpose, cetuximab was radiolabeled with 111In and 125I. Inter-
nalization kinetics of the radiolabeled cetuximab in FaDu tu-
mor cells were studied in vitro. Specificity of radiolabeled
cetuximab accumulation in the EGFR expressing tumors was
determined. We investigated the effect of the antibody protein
dose on tumor uptake. In addition, the pharmacodynamics of
111In-cetuximab and 125I-cetuximab were examined. Tumor
targeting of radiolabeled cetuximab was imaged longitudinally
using single photon emission computed tomography (SPECT).
Tumor EGFR expression as determined immunohistochemi-
cally was compared to the intratumoral distribution of radiola-
beled cetuximab by autoradiography.

Material and Methods
Radiolabeling and quality control

Radiolabeling of cetuximab. Cetuximab 5 mg/mL (ErbituxVR ,
Merck, Darmstadt, Germany) (KD ¼ 0.15–0.36 nM)22,23 was
conjugated to isothiocyanatobenzyl-diethylenetriaminepenta-
acetic acid (ITC-DTPA, Macrocyclis, Dallas, TX) in 0.1 M
NaHCO3, pH 9.5, for 1 hr at room temperature (RT), using
a 50-fold molar excess of ITC-DTPA. Unbound ITC-DTPA
was removed by dialysis against 0.25 M ammonium acetate
buffer, pH 5.5. The DTPA-cetuximab conjugate (1 mg/mL)

was radiolabeled with 111In (0.63 MBq/lL) (Covidien, Petten,
The Netherlands), either in a 0.25 M ammonium acetate
buffer, pH 5.5, for dose escalation and internalization studies,
or in 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES)
buffer, pH 5.5, for microSPECT imaging and autoradio-
graphy. The scale of the radiolabeling procedure depended
on the required amount of radiolabeled antibody in each
experiment. Labeling continued for 30 min at RT. For all
preparations, labeling efficiency was determined by instant
thin-layer chromatography (ITLC) on TEC Control chroma-
tography strips (Biodex, Shirley, NY). Radiochemical purity
of 111In-cetuximab exceeded 97% in all experiments.

Cetuximab was radioiodinated with 125I as described previ-
ously.24 Radiochemical purity of 125I-cetuximab exceeded 99%.

In vitro characteristics of radiolabeled cetuximab

Immunoreactive fraction. The immunoreactive fraction (IRF)
of the radiolabeled cetuximab preparations was determined
before experiments, using freshly trypsinized FaDu cells as
described previously with minor modifications.25 A serial
dilution (3.9 � 104–1.0 � 107 cells/mL) in 0.4 mL RPMI
0.5% BSA was incubated with 200 Bq 111In-cetuximab or
125I-cetuximab in 0.1 mL. Specific activities of 111In-cetuxi-
mab and 125I-cetuximab are given in further descriptions of
the experiments. A duplicate of the lowest cell concentration
was incubated with an excess of unlabeled cetuximab (37.5
lg) to correct for nonspecific binding. After incubation for 20
min at 37�C, cells were washed and the cell-bound activity
was determined using a gamma counter (1,480 Wallac Wizard
3", Perkin Elmer, Waltham, MA). The IRF of 111In-cetuximab
and 125I-cetuximab used in the experiments exceeded 95%.

Internalization assay. In vitro internalization kinetics of
111In-cetuximab in FaDu cells were determined essentially as
described by Koenig et al.,26 with minor modifications. FaDu
cells were cultured to confluence in 6-well plates and were
incubated with 1,000 Bq 111In-cetuximab (specific activity
0.37 MBq/lg) for 2, 4 or 24 hr in 2 mL binding buffer
(RPMI-1640 0.5% BSA), at 37�C in a humidified atmosphere
with 5% CO2. After incubation, cells were washed once with
2 mL ice-cold PBS. One mL of acid wash buffer (0.1 M HAc,
0.15 M NaCl, pH 2.8) was added for 10 min at 37�C to
remove the membrane-bound fraction of the cell-associated
111In-cetuximab. Subsequently, cells were washed twice with
1 mL of ice-cold PBS and harvested from the 6-well plates.
The amount of membrane-bound and internalized activity
was measured in a gamma counter. Nonspecific binding and
internalization was determined by coincubation with 5 lg
unlabeled cetuximab.

Animal studies

Tumor model. Ninety athymic BALB/c nu/nu mice with xeno-
graft FaDu tumors were used in these experiments. Viable 2
mm3 pieces of FaDu tumor tissue were implanted subcutane-
ously (s.c.) in the right flank of 6–8 week old mice. Tumors
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with a mean diameter of 8 mm were used in the experiments,
2–3 weeks after implantation. Animals were kept in a specific-
pathogen-free unit in accordance with institutional guidelines.
The Animal Welfare Committee of the Radboud University
Nijmegen Medical Centre approved all experiments.

Protein dose escalation study of 111In-cetuximab. For anti-
body dose escalation study, seven groups of six mice received
an intravenous (i.v.) injection in the tail vein of 0.2 MBq
111In-cetuximab (specific activity 0.2 MBq/lg) at increasing
protein doses of 1, 3, 10, 30, 100, 300 and 1,000 lg cetuximab
per mouse in the respective dose-groups. Mice were eutha-
nized using O2/CO2-asphyxiation at 3 days p.i.. Tumors and
normal tissues (blood, muscle, lung, liver, spleen, kidney, duo-
denum and colon) were dissected, weighed and radioactivity
uptake was counted in a gamma counter. To correct for radio-
active decay, injection standards were counted simultaneously.
The activity in counted tissue samples was expressed as
percentage of injected dose per gram tissue (%ID/g).

Pharmacodynamics of radiolabeled cetuximab. The pharma-
codynamics of 111In-cetuximab and 125I-cetuximab were
determined in six groups of six mice. Mice were injected i.v.
with 0.2 MBq 111In-cetuximab (specific activity 0.2 MBq/lg)
and 0.2 MBq 125I-cetuximab (specific activity 0.2 MBq/lg)
with administered total doses cetuximab of either 10 lg
(optimal dose) or 3 mg (blocking dose). The blocking dose of
unlabeled cetuximab was given to determine non-EGFR-
mediated uptake of radiolabeled cetuximab. Mice were eutha-
nized at 1, 3 or 7 days p.i., and uptake of radiolabeled cetuxi-
mab was determined as described above.

Autoradiography. Four mice, bearing six s.c. FaDu tumors
(unlike in the other experiments, two mice bore a tumor in
either flank), were injected i.v. with 2 MBq 111In-cetuximab
(total protein dose 10 lg, specific activity 0.36 MBq/lg).
Three days after injection, mice were euthanized by cervical
dislocation and resected tumors were snap-frozen in liquid
nitrogen. Frozen tumors were sectioned using a cryostat
microtome. Five-lm tumor sections were mounted on poly-
L-lysine coated slides. Selected slides were fixed with cold
(4�C) acetone for 10 min, after which they were washed three
times using PBS to remove unbound cetuximab. All slides,
washed and unwashed, were exposed to a Fujifilm BAS
cassette 2,025 overnight (Fuji Photo Film, Tokyo, Japan).
Phospholuminescence plates were scanned using a Fuji BAS-
1800 II bio-imaging analyzer at a pixel size of 50 � 50 lm.
Images were processed with Aida Image Analyzer software
(Raytest, Staubenhardt, Germany). The same tumor sections
were used for immunohistochemical EGFR staining.

Immunohistochemical staining. Following autoradiography,
slides were stained for EGFR expression and blood vessels.
Between all consecutive steps of the staining process, sections
were rinsed three times for 5 min in 0.1 M PBS, pH 7.4. All
primary antibodies were diluted in primary antibody diluent
(PAD, Abcam, Cambridge, UK), while secondary antibodies

were diluted in PBS. Previously unfixed sections were fixed in
cold acetone for 10 min. After rehydration of the tumor
sections in PBS for 20 min, they were incubated overnight
at 4�C with goat anti-EGFR sc-03 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) diluted 1:100. The EGFR
epitope binding sites of sc-03-G (15 amino acids within range
1,000–1,050) and cetuximab (amino acids 310–514) differ,27

allowing parallel binding of these antibodies to EGFR.
Sections were incubated with donkey antigoat Cy3 (Jackson
Immunoresearch, West Grove, PA) diluted 1:600 for 30 min
at 37�C. This was followed by incubation with 9F1
(rat monoclonal antibody to mouse endothelium, Department
of Pathology, Radboud University Nijmegen Medical Centre)
undiluted for 45 min at 37�C. Then, sections were incubated
with chicken antirat-Alexa647 (Molecular Probes, Leiden,
The Netherlands) diluted 1:100 for 60 min at RT. All sections
were mounted in Fluorostab (ICN, Zoetermeer, The Nether-
lands). One adjacent section per tumor was Hematoxylin and
Eosin (HE) stained to help distinguish necrotic areas and
nontumor tissue from viable tumor areas.

Immunofluorescent image acquisition. The tumor sections
were scanned using a digital image processing system consist-
ing of a high-resolution 12-bit CCD camera (Micromax,
Roper Scientific, Trenton, NJ) on a fluorescence microscope
(Axioskop, Zeiss, Göttingen, Germany) and a computer-
controlled motorised stepping stage. Image processing was
done using IPLab software (Scanalytics, Fairfax, VA) on a
Macintosh computer. Gray scale images (pixel size 2.67 �
2.67 lm) for vessels and EGFR were obtained. Nontumor
areas, determined using HE stained neighboring tumor
sections, were excluded from analysis.

Colocalization analysis. The autoradiography and immuno-
histochemistry gray-value images (grayscale range: 256 val-
ues) were co-registered using ImageJ Software (JAVA-based
image-processing package) and its Turbo-Registration plugin
package.28,29 The pixel size of the immunohistochemistry
images was rescaled to match that of the autoradiography
images (50 � 50 lm). After alignment, all images were
rescaled to a pixel size of 200 � 200 lm, corresponding to
the estimated accuracy of image co-registration and compen-
sating for the blurred signal in autoradiograms due to scatter-
ing. Prior to rescaling to the 200 � 200-lm pixel size, a
mean smoothing of the pixel signal with an appropriate
radius was applied to the immunohistochemistry and autora-
diography images, to reduce formation of alienating noise
artifacts. Matching ROIs were drawn over the aligned tumor
sections. Only pixels containing viable tumor tissue were
included. The GraphPad Prism 4.0a software package
(GraphPad Software, La Jolla, CA) was used to evaluate
correlation between the co-registered pixels using the non-
parametric Spearman correlation test.

SPECT imaging with 111In-cetuximab. For SPECT imaging,
six mice were injected i.v. with 20 MBq 111In-cetuximab

E
ar
ly

D
et
ec
ti
on

an
d
D
ia
gn

os
is

872 Dose optimization for EGFR imaging

Int. J. Cancer: 129, 870–878 (2011) VC 2010 UICC



(total protein dose 10 lg, specific activity 5.55 MBq/lg).
SPECT images were acquired directly after injection and 1, 3
and 7 days p.i., using the USPECT II (MILabs, Utrecht, The
Netherlands).30 Mice were scanned in prone position under
general anesthesia (isoflurane/N2O/O2) for 30–120 min using
the 1.0-mm diameter pinhole collimator tube. All mice were
euthanized at day 7 and uptake of 111In-cetuximab in dis-
sected tissues was determined as described above. Scans were
reconstructed with MILabs reconstruction software, using an
ordered-expectation maximization algorithm, with a voxel
size of 0.375 mm. Images were analyzed by drawing ROIs
over the tumor and the liver region. Tumor-to-liver ratios
were determined using mean pixel value thresholded at 40%
of maximum pixel value within ROIs with Siemens Inveon
Research Workplace software (version 2.2, Siemens Preclini-
cal Solutions, Knoxville, TN).

Statistical analysis

Statistical analyses were performed using Prism software.
Differences in uptake of radiolabeled cetuximab were tested
for significance using the nonparametric Mann-Whitney test.
The nonparametric Spearman test was used to assess correla-
tions between different parameters and a p-value � 0.05 was
considered significant.

Results
In vitro internalization of 111In-cetuximab
111In-cetuximab was slowly internalized by FaDu cells (Fig. 1).
The fraction 111In-cetuximab that was specifically internalized
increased from 3.5% (2.2 � 103 molecules cetuximab per
cell) after 2 hr of incubation, to 15.8% (1.0 � 104 molecules
cetuximab per cell) after 24 hr. Specifically membrane bound
radiolabeled ligand increased from 36.8% (2.3 � 104 molecules
cetuximab per cell) after 2 hr incubation, to 64.2% (4.1 � 104

molecules cetuximab per cell) of the added activity after 24 hr.

Protein dose escalation study

A dose escalation study of 111In-cetuximab was performed to
determine the optimal cetuximab dose for in vivo imaging in
the FaDu nude mouse model. 111In-cetuximab showed high
specific uptake in FaDu xenograft tumors at cetuximab doses
up to 30 lg (mean uptake 33.1 %ID/g 6 3.1) (Fig. 2). At
higher doses tumor uptake was significantly lower (p ¼ 0.019
to p ¼ 0.0008, Fig. 2). Highest antibody-uptake in tumors
was observed at protein doses of 10 lg or less (mean uptake
34.3%ID/g 6 2.4; 10 lg: 34.4%ID/g 6 5.2%; 3 lg: 36.7%ID/g
6 2.9 %; 1 lg: 31.9%ID/g 6 3.9%). At the optimal cetuxi-
mab doses, tumor-to-blood ratios exceeded 3. Normal mouse
tissues, for example liver and lungs, express murine EGFR
and cetuximab does not cross-react with these tissues.
Assuming that at a cetuximab dose of 1,000 lg per mouse
only non-EGFR mediated uptake was measured, this
indicated that there was no specific accumulation of 111In-
cetuximab in any normal tissue (Fig. 2).

Pharmacodynamics of radiolabeled cetuximab

Tumor uptake of 111In-cetuximab and 125I-cetuximab, at a
protein dose of 10 lg per mouse, was highest at 3 days p.i.
(Fig. 3). At all time points 111In-cetuximab showed sign-
ificantly higher uptake in tumors than 125I-cetuximab
(p ¼ 0.002). Presumably, this is due to internalization of the
cetuximab antibody by the FaDu tumor cells, after which the
residualizing 111In is retained in the tumor, whereas 125I is
mostly excreted from the cells after intracellular degradation

Figure 1. Internalization kinetics of 111In-cetuximab in FaDu cells,

with and without addition of excess unlabeled (cold) cetuximab.

The number of cetuximab molecules per cell are presented as a

function of time. Data are expressed as mean 6 SD.

Figure 2. Biodistribution dose escalation study of 111In-cetuximab

in mice with subcutaneaously xenografted FaDu tumors, 3 days

postinjection. Values are represented as mean %ID/g uptake 6 SD

for tumors (each bar; n ¼ 5) and normal tissues (each bar; n ¼ 6).

Significant difference was found between uptake of 111In-

cetuximab at a protein dose of 100 lg and doses of 1 to 30 lg

combined (p ¼ 0.019). Comparison of this combined group with

300 lg or 1,000 lg gave highly significant results (p ¼ 0.0008).

Differences between the 100 lg protein dose-group and the 3 and

10 lg protein dose-groups compared separately were highly

significant (p ¼ 0.0079).
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of the radiolabeled antibody. Blockage of EGFRs with excess
unlabeled cetuximab resulted in a maximum nonspecific
uptake of 111In-cetuximab of 7.36 6 0.98 %ID/g, at 7 days
p.i.. Tumor-to-blood ratio of 111In-cetuximab was highest at
7 days p.i. (6.03 6 1.69 for 10 lg). The highest tumor-
to-blood ratio with 125I-cetuximab was also obtained 7 days
p.i., but this ratio was much lower (1.91 6 0.72 for 10 lg).

Immunofluorescent images

Immunohistochemical staining of EGFR in tumor sections
dissected after completion of the dose escalation, phar-
macodynamic and autoradiography experiments, showed
membranous EGFR expression (Fig. 4). EGFR expression was
distributed throughout viable tumor tissue, with a heteroge-
neous intensity staining pattern.

Autoradiography and immunohistochemistry

Autoradiography images of the tumor sections targeted with
111In-cetuximab, and dissected 3 days p.i., showed 111In-
cetuximab uptake restricted to viable tumor tissue areas.
There were no remarkable differences in uptake pattern or
signal intensity between sections that were washed with PBS
before autoradiography and unwashed tumor sections. Im-
munohistochemical staining showed that EGFR distribution
was similar to that of 111In-cetuximab uptake patterns on
autoradiography (Fig. 5). Pixel-by-pixel analysis of the 8-bit

gray value 200 � 200 lm co-registered pixels showed a good
correlation between EGFR expression and the localization of
111In-cetuximab in the viable tumor tissue (mean r ¼ 0.74 6
0.14; range r ¼ 0.49–0.86; all correlations p < 0.0001).

SPECT imaging

One day p.i., s.c. FaDu tumors were clearly visualized on the
USPECT II images (Fig. 6). From that time point onward,
tumor uptake stood out distinctly against all other tissues.
Tumor-to-liver ratios increased from 0.58 6 0.24 at day 0
p.i., to 3.42 6 0.66, 8.99 6 4.66 and 16.33 6 11.56 at day 1,
day 3 and day 7 p.i., respectively. Ex vivo measurements
7 days p.i. showed a mean tumor uptake of 111In-cetuximab
of 24.9 6 15.6 %ID/g. Mean 111In-cetuximab uptake in livers
was 2.6 6 0.7%ID/g. Mean tumor-to-blood ratio was 29.3 6
20.9 and mean tumor-to-liver ratio 10.6 6 6.8. Tumor-to-liver
ratios calculated from the four immunoSPECT images at 7
days p.i. were a factor %1.5 higher than corresponding tumor-
to-liver ratios calculated from biodistribution measurements
and therefore ratio differences between mice showed a matched
trend (6.1 vs. 4.1; 8.1 vs. 5.0; 20.3 vs. 15.4; 30.9 vs. 19.9).

Discussion
Our study showed that 111In-cetuximab specifically accumu-
lated in the FaDu head-and-neck xenograft carcinoma model
in nude mice, allowing noninvasive imaging of EGFR expres-
sion with radiolabeled cetuximab. In vitro experiments
showed that cetuximab internalized slowly into FaDu tumor
cells. 111In-cetuximab showed a higher tumor uptake than
125I-cetuximab at all time points due to the residualizing
properties of 111In, which makes it a better suited radionu-
clide considering the internalizing characteristics of

Figure 3. Biodistribution of 10 lg and 3 mg (excess unlabeled)
111In-cetuximab (a) and 10 lg and 3 mg (excess unlabeled) 125I-

cetuximab (b) in mice with subcutaneaously xenografted FaDu

tumors 1, 3 and 7 days postinjection. Values are represented as

mean %ID/g uptake 6 SD for tumors and normal tissues (each

bar; n ¼ 6).

Figure 4. Immunofluorescent image of heterogeneously stained

EGFR signal (red) in FaDu tumor located mainly in cell membranes;

and vessel staining (blue). Imaging 7 days p.i. of 111In-cetuximab

(protein dose 10 lg). White arrow ¼ necrosis. Insert ¼ detail

magnification.
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Figure 5. Immunofluorescent gray-value image of EGFR staining (a) and autoradiography image of the same tumor section (b). Images were

made 3 days postinjection of 111In-cetuximab (2 MBq, protein dose 10 lg). In (a), red lines enclose nonviable tumor areas, which were

excluded from quantification analysis.

Figure 6. USPECT II images displaying consecutive scans of a mouse with a subcutaneously xenografted FaDu tumor in the right flank.

Scanning images directly after injection of 111In-cetuximab (a), 1 day (b), 3 days (c) and 7 days (d) p.i. The activity range depicted in each

image was corrected for physical and biological decay of 111In-cetuximab. Specific tumor uptake of 111In-cetuximab as registered by

USPECT II was compared to nonspecific uptake in the liver as reference background tissue. Tumor-to-liver ratio in imaged animals

increased from day 0 until day 7 (e).
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cetuximab.31 The dose escalation experiment revealed that
111In-cetuximab displayed the highest uptake in the FaDu
tumors at protein doses up to 30 lg per mouse. At higher
doses, tumor uptake of 111In-cetuximab in terms of %ID/g
decreased, presumably because of saturation of the EGFRs on
the cell surface. Also, EGFR downregulation in the tumors
may have partially caused this effect. After injection of the
determined optimal 111In-cetuximab dose per mouse, FaDu
xenograft tumors were clearly visualized with microSPECT.
Tumors were the tissue with the highest activity concentra-
tion in mice from the imaging time point of 1 day postinjec-
tion onwards, and contrast between tumors and other tissues
increased until 7 days postinjection. As cetuximab does not
cross-react with the murine EGFR, no specific uptake in
other tissues, notably the liver, was observed. A good correla-
tion was found between the distribution of 111In-cetuximab
and the distribution of EGFR immunohistochemical staining
intensity in FaDu tumor sections, indicating that tumor
uptake of 111In-cetuximab is a result of its specific interaction
with EGFR in all parts of the tumor.

Imaging of EGFR in solid tumors has been subject of
investigation for some decades. EGFR expression and tumor
uptake properties of radiolabeled cetuximab are well corre-
lated in several preclinical studies,14,32 but others have not
perceived similar results.13,19 Since utilized radionuclides and
administered doses of radiolabeled cetuximab differ between
the various reports, as well as tumor models and quantifica-
tion methods of EGFR expression and tumor uptake of
cetuximab, no clear-cut solution to this discrepancy can be
presented. Goldenberg et al.33 showed that 111In-labeled
murine mAb 225 specifically targeted EGFR overexpressing
A431 vulvar squamous cell carcinoma tumors in nude mice.
Gamma camera images showed good tumor uptake 3 to 7
days postinjection. Uptake of 111In-labeled mAb 225 was
lower in tumors with low EGFR expression (breast cancer
models MDA-MB-468 and MCF-7). Dose-dependent receptor
blockage was demonstrated in a study performed by Nayak
et al.,12 where co-injection of 0.1 or 0.2 mg cetuximab with
86Y-labeled cetuximab resulted in reduced tumor uptake in
xenograft tumor models. These findings are in line with our
results with 111In-cetuximab: uptake of radiolabeled cetuxi-
mab in a nude mice model with xenograft FaDu tumors was
optimal at low protein doses. This signifies the importance of
using a predetermined model-specific optimal cetuximab
dose for imaging. Aerts et al.13 studied uptake of 0.1 mg
injected 89Zr-labeled cetuximab in NMRI-nu mice with
different xenograft tumor types displaying varying EGFR
expression levels. In that study, 89Zr-cetuximab uptake did
not correlate with EGFR expression levels. This could partly
be due to the relatively high protein dose that was used in
these models, but the disparity might also be influenced by
additional factors. The study suggested that uptake of radiola-
beled cetuximab in tumor xenografts is not only determined
by EGFR expression levels, but also by other physiological tu-
mor characteristics, like vascular permeability and interstitual

fluid pressure. Similarly, Niu et al.18,19 reported that EGFR
expression in head-and-neck squamous cell carcinoma xeno-
graft models did not correlate with uptake of 64Cu-labeled
panitumumab or 64Cu-DOTA-cetuximab and that vascular
density and permeability of the tumor models probably influ-
enced compound accumulation. In our studies of the FaDu
tumor model, autoradiograpic analysis showed 111In-cetuxi-
mab uptake signal dispersed throughout viable tumor tissue
and good correlation with EGFR signal intensity patterns,
suggesting that EGFR expression was an important factor
determining 111In-cetuximab uptake.

When translating preclinical imaging results to the clini-
cal situation, behavior of radiolabeled antibodies as well as
physical research model traits should be taken into account.
Radionuclides used for imaging should be adjusted to the
inherent properties of studied antibodies. Radionuclides with
a short physical half-life, such as 64Cu (12 hr) or 99mTc
(6 hr), might not be appropriate because of incompatibility
with the slow pharmacokinetics and clearance of cetuximab
(in humans T1/2 % 112 hr). Imaging of EGFR expression in
tumors will probably not be feasible during cetuximab-based
therapy, because therapeutic doses of cetuximab will block
the target antigen in the tumor. Therefore, radiolabeled
cetuximab might best be applied to select patients applicable
for cetuximab therapy, and to assess response at later time
points during follow-up. EGFR imaging with radiolabeled
cetuximab could however be applied in early response
evaluation of modalities such as radiotherapy or therapies
involving tyrosine kinase inhibitors. Due to the slow phar-
macokinetics of radiolabeled cetuximab, an interval of 1–7
days between administration and (SPECT) imaging would be
used. It would be logistically attractive to evaluate accumula-
tion of a radiotracer in tumors within 1 day after adminis-
tration. Radiolabeled antibody fragments, tyrosine kinase
inhibitors and the natural ligand EGF are candidates for
fast imaging of tumor EGFR expression. Due to their low
molecular weights, these tracers permeate rapidly into the
target tissue and display fast background clearance. However,
previous studies have shown that these agents generally have
much lower uptake in the target tissue than intact IgG
antibodies.34–38

Naturally occurring mutations of the EGFR-gene have
been described, of which a truncation mutation, EGFR vari-
ant III (EGFRvIII), is expressed in up to 42% of head-and-
neck squamous cell carcinomas.39 Since cetuximab also binds
to, and downregulates, EGFRvIII,40 imaging of EGFRwildtype
as well as EGFRvIII with radiolabeled cetuximab is also
relevant in tumors exhibiting this truncated dominant-active
variant.41

The liver displays relatively high levels of EGFR.38 Hepatic
sequestration of radiolabeled cetuximab might impede reliable
visualization of tumor EGFR expression.20,21,42 The presence
of such an antigen sink might require administration of higher
doses of radiolabeled cetuximab for tumor imaging in patients.
Divgi et al.20 reported that uptake of 111In-labeled mAb 225
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in squamous cell carcinoma of the lung was dose-dependent
in patients and that up to 40 mg of cetuximab would be cap-
tured by the liver before any tumors could be discerned on
imaging. This particular phenomenon cannot be studied in
preclinical mouse-xenograft models, since cetuximab does not
cross-react with the murine EGFR. The accretion of radiola-
beled cetuximab in the liver in mice is due to nonspecific
mechanisms.16 Studies with antibodies cross-reactive with
murine EGFR would be needed to study the effect of EGFR
expression in the liver in a mouse model.

Tumor-to-liver uptake ratio of EGFR imaging tracers
might be improved by preadministration of unlabeled block-
ing agents as was shown in a mouse-xenograft model,38

although the timing and appropriate dose might be difficult
to determine in patients.21

Nevertheless, defining the appropriate radiolabeled cetuxi-
mab dose for optimal imaging outcomes in head-and-neck
cancer patients is a prerequisite. These and other matters,
such as appropriate timing of imaging after injection and

specification of the imaging purpose (e.g., treatment selection
or therapy response evaluation) should be considered before
introducing radiolabeled cetuximab into clinical practice as
an attribution to the diagnostic armamentarium of head-and-
neck cancer.

Conclusion
Optimally dosed 111In-cetuximab accumulated efficiently in
FaDu head-and-neck squamous cell carcinoma xenografts.
Tumors could be visualized from one day postinjection
onward using SPECT and tumor-to-background contrast
increased with time. 111In-cetuximab accumulation in tumor
sections correlated well with immunohistochemical distribu-
tion of EGFR, suggesting that imaging uptake reflected actual
tumor EGFR expression.
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