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ABSTRACT: The insulin-like growth factor 1 receptor (IGF-1R) is a
potential new target for the treatment of breast cancer. Patients with breast
cancer lesions that express IGF-1R may benefit from treatment with anti-
IGF-1R antibodies. IGF-1R expression can be visualized using radiolabeled
R1507, a monoclonal antibody directed against IGF-1R. However,
antibodies clear slowly from the circulation, resulting in low tumor-to-
background ratios early after injection. Therefore, we aimed to accelerate
targeting of IGF-1R using radiolabeled R1507 F(ab′)2 and Fab fragments. In
vitro, immunoreactivity, binding affinity and internalization of R1507 IgG,
F(ab′)2 and Fab were determined using the triple negative IGF-1R-
expressing breast cancer cell line SUM149. In vivo, pharmacokinetics of
111In-labeled R1507 IgG, F(ab′)2 and Fab were studied in mice bearing
subcutaneous SUM149 xenografts. SPECT/CT images were acquired and
the biodistribution was measured ex vivo. The in vitro binding characteristics of radiolabeled R1507 IgG and F(ab′)2 were
comparable, whereas the affinity of Fab fragments was significantly lower (Kd: 0.6 nM, 0.7 nM and 3.0 nM for R1507 IgG,
F(ab′)2 and Fab, respectively). Biodistribution studies showed that the maximum tumor uptake of 111In-R1507 IgG, F(ab′)2 and
Fab was 31.8% ID/g (72 h p.i.), 10.0% ID/g (6 h p.i.), and 1.8% ID/g (1 h p.i.), respectively. However, maximal tumor-to-blood
ratios for F(ab′)2 (24 h p.i.: 7.5) were more than twice as high as those obtained with R1507 (72 h p.i.: 2.8) and Fab (6 h p.i.:
2.8). Injection of an excess of unlabeled R1507 significantly reduced tumor uptake, suggesting that the uptake of R1507 IgG and
F(ab′)2 was specific for IGF-1R, while the major fraction of the tumor uptake of Fab was nonspecific. IGF-1R-expressing
xenografts were visualized with 111In-F(ab′)2 SPECT/CT as early as 6 h p.i., while with R1507 IgG, the tumor could be visualized
after 24 h. No specific targeting was observed with 111In-Fab. 111In-F(ab′)2 fragments showed improved targeting of IGF-1R
expressing tumors. Tumor-to-blood ratios were twice as high as those obtained with 111In-R1507, and adequate tumor targeting
on SPECT/CT images was observed as early as 6 h p.i. For individualization and optimization of IGF-1R targeted therapy, 111In-
F(ab′)2 may be the tracer of choice.
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■ INTRODUCTION

The insulin-like growth factor 1 receptor (IGF-1R) is a
potential new target for the treatment of breast cancer. It is a
transmembrane receptor involved in proliferation, apoptosis,
angiogenesis and tumor invasion of several cancer types.1−3

Upon binding of the growth factors IGF-1 and IGF-2, two
major antiapoptotic pathways can become activated: Ras-Raf-
ERK/MAPK and PI3K/AKT.4 Furthermore, IGF-1R induces
hypoxia-inducible factor 1α (HIF-1α) protein synthesis, which
induces expression of vascular endothelial growth factor
(VEGF), a central mediator of angiogenesis.5 Data suggest
that IGF-1R expression may be related to resistance to
cytotoxic, antiestrogen and several other types of targeted
therapy.6−9

Phase I and II studies with anti-IGF-1R antibodies have
shown the safety and tolerability of targeting IGF-1R.
Furthermore, these studies demonstrated a wide range of

clinical effects, from progressive disease to near complete
response.10 Therefore, it is of utmost importance to develop
methods for the selection of those patients who potentially
benefit from this new treatment. A first clue is found in the
modest but increasing amount of evidence suggesting that IGF-
1R expression by the tumor is required in order to benefit from
these therapies.11−14 Thus far, studies on IGF-1R expression
have mainly been performed on tumor tissue sections using
immunohistochemistry. However, IGF-1R expression may be
heterogeneous within or between tumor lesions. Therefore, a
single biopsy may not provide accurate information on IGF-1R
expression of all tumor lesions. In vivo imaging would allow
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measurement of IGF-1R expression of all tumor lesions,
avoiding misinterpretation due to intratumoral and interlesional
heterogeneity. Moreover, IGF-1R expression can change during
the course of disease, due to disease progression or treat-
ment.6−9 To optimize timing of initiation of IGF-1R targeted
and to find rational combinations of IGF-1R targeted therapy
with other treatments, the dynamics of IGF-1R expression
should be known. In vivo IGF-1R imaging could be a valuable
tool to determine IGF-1R expression noninvasively.
In a previous study, we have shown that radiolabeled R1507,

a fully human monoclonal antibody directed against an epitope
on the extracellular domain of the human IGF-1R, can be used
to image IGF-1R expression noninvasively.15 IGF-1R express-
ing breast cancer xenografts could be clearly visualized by
immunoSPECT and immunoPET using 111In-labeled and 89Zr-
labeled R1507, respectively. Moreover, we demonstrated that
immunoSPECT could distinguish between bone sarcoma
xenografts that were high, modest and nonresponsive to
R1507 treatment, while conventional techniques, such as
immunohistochemistry and Western blotting, could not.16

Therefore, this technique has potential for patient selection for
IGF-1R targeted therapy.
A disadvantage of using the intact antibody R1507 for in vivo

imaging is its large size and long circulatory half-life, resulting in
slow tumor accumulation and slow clearance from the
circulation. It will take several days before satisfactory contrast
between tumor and normal tissue is obtained. This is especially
a disadvantage when repeated imaging is required within short
time intervals, for example when studying the dynamics of IGF-
1R expression during treatment. Therefore, we aimed to
accelerate targeting of IGF-1R by using F(ab′)2 and Fab
fragments of R1507. These fragments lack the Fc domain
(CH2−CH3 domain) of the antibody and are cleared from the
circulation more rapidly.17 In this study, we compared the in
vitro binding characteristics and in vivo targeting of 111In-
labeled R1507 IgG, F(ab′)2 and Fab, using SPECT/CT.

■ EXPERIMENTAL SECTION
Cell Culture. The triple negative, IGF-1R expressing breast

cancer cell line SUM149 (Asterand, Detroit, MI) was cultured
and maintained as a monolayer in culture flasks in Ham’s F12
medium (GIBCO, BRL Life Sciences Technologies, The
Netherlands) supplemented with 5% fetal calf serum (FCS),
10 mM HEPES, hydrocortisone (1 μg/mL), and insulin (5 μg/
mL) at 37 °C in a humidified atmosphere with 5% CO2.
Hormone receptor positive and IGF-1R expressing MCF-7 cells
were cultured in RPMI-1640 medium (GIBCO, BRL Life
Sciences Technologies, The Netherlands), supplemented with
10% FCS and 2 mM glutamine.
Production and Purification of Antibody Fragments.

R1507 was a kind gift from Roche Diagnostics (Penzberg,
Germany). R1507 F(ab′)2 fragments were produced by
incubating R1507 (10 mg) for 2−3 h at 37 °C with pepsin
(final concentration 2.7 μM) in 0.15 M sodium citrate (pH 3.8,
total volume reaction mixture: 2.65 mL). The digestion was
stopped by adding 1 M Tris, pH 10.5 (final concentration 0.17
M Tris). F(ab′)2 fragments were purified on a cation exchange
column (MONO-S 5/50 GL, Amersham Pharmacia Biotech,
Uppsala, Sweden) which was eluted with 40 mM sodium
acetate buffer with a 0 to 400 mM lithium chloride gradient (1
mL/min, 100 min). Fractions containing F(ab′)2 were collected
and analyzed on sodium dodecyl sulfate−polyacrylamide gel
electrophoresis (SDS−PAGE, 8% bis-acrylamide).

Fab fragments were produced using the Pierce Fab
preparation kit (Thermo Fisher Scientific, Rockford, Illinois)
according to the protocol of the manufacturer. In short, F(ab′)2
fragments were cleaved into Fab fragments by papain
immobilized on agarose resin during 6 h at 37 °C, in Fab
digestion buffer, pH 10.0. Subsequently, Fab fragments were
analyzed on SDS−PAGE as described above.

Radiolabeling. R1507 IgG, F(ab′)2 and Fab fragments
were conjugated with isothiocyanatobenzyl-diethylenetriamine-
pentaacetic acid (ITC-DTPA, Macrocyclics, Dallas, TX) in 0.1
M NaHCO3, pH 9.5, using 5-fold (Fab) or 10-fold (IgG and
F(ab′)2) molar excess of ITC-DTPA for 1 h at room
temperature (rt). Unbound ITC-DTPA was removed from
the reaction mixture by dialysis against 0.25 M ammonium
acetate buffer, pH 5.4.
For in vitro experiments and biodistribution studies, DTPA-

conjugated R1507 IgG, F(ab′)2 and Fab (33 pmol) were
incubated with 3.7 MBq of 111In (Covidien BV, Petten, The
Netherlands) in 0.1 M MES buffer (twice volume of 111In), pH
5.4, at rt, under strict metal-free conditions for 20 min. For
SPECT/CT studies, DTPA-conjugated R1507 IgG (120 pmol),
F(ab′)2 (160 pmol) and Fab (120 pmol) were incubated with
165 MBq, 195 MBq and 89 MBq of 111In, respectively. After
incubation, 50 mM EDTA was added to a final concentration of
5 mM. Labeling efficiency was determined using instant thin-
layer chromatography (ITLC) on TEC Control chromatog-
raphy strips (Biodex, Shirley, NY), using 0.1 M citrate buffer,
pH 6.0, as the mobile phase. Radiochemical purity of 111In-
DTPA−R1507 IgG (111In-R1507 IgG), 111In-DTPA−R1507-
F(ab′)2 (111In-F(ab′)2) and 111In-DTPA−R1507-Fab (111In-
Fab) exceeded 94% in all experiments.

In Vitro Characteristics of 111In-R1507 IgG, 111In-
F(ab′)2 and 111In-Fab. Binding to IGF-1R Expressing
Tumor Cells. SUM149 cells were cultured in six-well plates
and were incubated with 25 pM 111In-R1507 IgG, 111In-F(ab′)2
or 111In-Fab, in 1 mL of binding buffer (Ham’s F12, 10 mM
HEPES, 0.5% BSA) for 4 h on ice. Nonspecific binding was
determined by coincubation with 33 nM unlabeled R1507.
After incubation, cells were washed once with PBS and
harvested from plates using 0.1 M NaOH. The cell-associated
activity was measured in a shielded 3-in.-well-type gamma
counter (Perkin-Elmer, Boston, MA, USA).

Immunoreactive Fraction. The immunoreactive fractions of
111In-R1507 IgG, 111In-F(ab′)2 and 111In-Fab were determined
essentially as described by Lindmo et al.18 A serial dilution of
MCF-7 (50 × 106 to 1.6 × 106 cells) in RPMI containing 0.5%
bovine serum albumin (BSA) was incubated for 1 h at 37 °C
with a tracer amount of 111In-R1507 IgG (1 pM), 111In-F(ab′)2
(1 pM) or 111In-Fab (0.5 pM). Nonspecific binding was
determined by adding an excess of unlabeled R1507 IgG (0.67
μM) to a duplicate of the lowest cell concentration. After
incubation, cells were centrifuged and the activity in the cell
pellet was measured in a gamma counter. The inverse of the
specific cell bound activity was plotted against the inverse of the
cell concentration, and the immunoreactive fraction was
calculated from the y-axis intercept using GraphPad Prism
software (version 5.03 for Windows; GraphPad Software).

Internalization. SUM149 cells were cultured in six-well
plates and were incubated with 1.4 kBq of 111In-R1507 IgG,
111In-F(ab′)2 or 111In-Fab for 1, 3 and 24 h, in 1 mL of binding
buffer at 37 °C in a humidified atmosphere with 5% CO2.
Nonspecific binding and nonspecific internalization were
determined by coincubation with 33 nM unlabeled R1507
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IgG. After incubation, cells were washed once with PBS to
remove the unbound radiotracer. Subsequently, acid wash
buffer (0.1 M HAc, 0.15 M NaCl, pH 2.8) was added for 10
min to remove the membrane-bound fraction of the cell-
associated 111In-R1507 IgG, 111In-F(ab′)2 or 111In-Fab. Next,
cells were harvested from the six-well plates. The amount of
membrane bound (acid wash) and internalized activity
(harvested cells) was measured in a gamma counter.
50% Inhibitory Concentration (IC50) Determination. The

IC50 for binding IGF-1R on SUM149 was determined in a
competitive binding assay using DTPA-conjugated R1507 IgG,
F(ab′)2 or Fab to compete for binding with 111In-R1507.
SUM149 cells were cultured to confluency in six-well plates and
were incubated for 4 h on ice in 1 mL of binding buffer with 1.4
kBq of 111In-R1507 IgG and increasing concentrations of
unlabeled R1507 IgG (0.3−3,000 pM), F(ab′)2 (0.3−3,000
pM) or Fab (0.03−300 nM). After incubation, cells were
washed with PBS and the cell-associated activity was measured
in a gamma counter. The IC50 was defined as the concentration
required to inhibit binding by 50%. IC50 values were calculated
using GraphPad Prism software.
Scatchard Analysis. Scatchard analysis was performed to

determine the dissociation constant (Kd) and the number of
binding sites (Bmax) for

111In-R1507 IgG, 111In-F(ab′)2 or 111In-
Fab on SUM149 cells. Cells were cultured to confluency in six-
well plates and were incubated for 4 h on ice with increasing
concentrations of 111In-R1507 IgG (0.03−3 nM), 111In-F(ab′)2
(0.03−3 nM) or 111In-Fab (0.3−30 nM) in 1 mL of binding
buffer. Nonspecific binding was determined by coincubation
with an excess of 300 nM unlabeled R1507 IgG. After
incubation, cells were washed with PBS and the cell-associated
activity was measured in a shielded well-type gamma counter.
The ratio bound over free was plotted against the bound
fraction. Kd and Bmax were calculated from the slope and
intercept with the x-axis, respectively, using GraphPad Prism
software.
Animal Experiments. Animal experiments were performed

in female BALB/c nude mice and were conducted in
accordance with the principles laid out by the revised Dutch
Act on Animal Experimentation (1997) and approved by the
institutional Animal Welfare Committee of the Radboud
University Nijmegen. At 6−8 weeks of age, mice were
inoculated subcutaneously with 5 × 106 SUM149 cells
(mixed 2:1 with Matrigel, BD Biosciences, Pharmingen).
Experiments were started when the tumors reached a size of
approximately 0.1 cm3.
Biodistribution of 111In-R1507 IgG, 111In-F(ab′)2 and 111In-

Fab. Twelve groups of athymic BALB/c mice (N = 5) with
subcutaneous SUM149 xenografts received an intravenous
injection of 0.4 MBq of 111In-R1507 IgG, 111In-F(ab′)2 or 111In-
Fab (protein dose: 6.7 pmol). Mice receiving 111In-R1507 IgG

were euthanized 6, 24 and 72 h postinjection. Mice receiving
111In-F(ab′)2 or 111In-Fab were euthanized 2, 6 and 24 h and 1,
2 and 6 h postinjection, respectively. Two days before injecting
111In-R1507 IgG, 111In-F(ab′)2 or 111In-Fab, separate groups
were injected with an excess of unlabeled R1507 IgG (2 nmol)
to determine nonspecific uptake.
Mice were euthanized by CO2/O2 asphyxiation. Tumor,

blood, muscle, lung, spleen, pancreas, kidney, liver and small
intestine were dissected and weighed. Activity was measured in
a gamma counter. To calculate the uptake of the radiotracer in
each sample as a fraction of the injected dose, aliquots of the
injected dose were counted simultaneously. The results were
expressed as percentage of the injected dose per gram (% ID/
g).

ImmunoSPECT/CT with 111In-R1507 IgG, 111In-F(ab′)2 and
111In-Fab. Three groups of five BALB/c mice with subcuta-
neous SUM149 xenografts received an intravenous injection of
20 pmol of 111In-R1507 IgG (24 MBq), 111In-F(ab′)2 (23
MBq) or 111In-Fab (14 MBq). Two days before injection of the
radiotracers, one mouse per group received an excess of
unlabeled R1507 IgG (2 nmol) to determine the nonspecific
uptake. SPECT/CT images were acquired using the U-SPECT-
II/CT system19 (MILabs, Utrecht, The Netherlands) at 6, 24
and 72 h postinjection of 111In-R1507 IgG and 2, 6 and 24 h
and 1, 2 and 6 h postinjection of 111In-F(ab′)2 and 111In-Fab,
respectively. Mice were scanned under general anesthesia
(isoflurane/O2) for 30−60 min using the 1.0 mm diameter
pinhole rat collimator tube. Before the last scan, mice were
euthanized. After scanning, the uptake of the radiotracers in
dissected tissue was determined as described above. Scans were
reconstructed with MILabs reconstruction software, which uses
an ordered-subset expectation maximization algorithm, with a
voxel size of 0.375 mm. Representative cross sections located
approximately in the center of the tumor were displayed. A 3D
volume of interest was drawn around the tumor, and uptake
was quantified as the percentage injected dose per gram (% ID/
g), assuming a tissue density of 1 g/cm3.

Statistical Analysis. Statistical analyses were performed
using PASW Statistics version 18.0 (Chicago, IL) and
GraphPad Prism version 5.03 (San Diego, CA) for Windows.
Results are presented as mean ± standard deviation (SD).
Differences in tumor uptake of radiotracers were tested for
significance using the nonparametric Kruskal−Wallis and
Mann−Whitney U test. The correlation between tumor uptake
measured by SPECT and ex vivo biodistribution was calculated
with the Spearman’s rank correlation coefficient. A p-value
below 0.05 was considered significant.

■ RESULTS
In Vitro Characteristics of 111In-R1507 IgG, 111In-

F(ab′)2 and 111In-Fab. Table 1 summarizes the in vitro

Table 1. Comparison of in Vitro Characteristics of 111In-R1507 IgG, 111In-F(ab′)2 and 111In-Fab

R1507 IgG F(ab′)2 Fab

immunoreactive fraction 88% 83% 67%
internalization (% of cell-associated activity at 24 h that is internalized, mean ± SD) 74% ± 4% 74% ± 2% 72% ± 20%
IC50 (95% CI) 0.06 nM 0.22 nM 2.56 nM

(0.02−0.18 nM) (0.06−0.86 nM) (1.68−3.89 nM)
Kd (95% CI) 0.61 nM 0.72 nM 3.04 nM

(0.46−0.91 nM) (0.47−1.55 nM) (1.73−12.38 nM)
Bmax (95% CI) 8,073 6,291 3,472

(6,513−10,957) (4,678−11,077) (2,516−9,072)
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characteristics of the three radiotracers. All tracers showed
specific binding to IGF-1R expressing SUM149 cells, but the
absolute binding of 111In-Fab was 7 times lower compared to
111In-R1507 IgG (Figure 1). Lindmo assays revealed that the

immunoreactive fractions of 111In-R1507 IgG, 111In-F(ab′)2 and
111In-Fab were 88%, 83% and 67%, respectively. All three
radiotracers were gradually internalized by SUM149 cells,
although the absolute binding and internalization of 111In-Fab
was much lower than that of the other radiotracers. The
internalization rates of the tracers were similar. After 24 h of
incubation, approximately 70% of the total cell-associated
activity was internalized. The IC50 of the intact IgG and F(ab′)2
for IGF-1R were similar (0.06 and 0.22 nM, respectively), while
the IC50 of the Fab fragments was much lower (2.56 nM, Figure
2). These results were confirmed in the Scatchard analysis. Kd
values of 111In-R1507 IgG, 111In-F(ab′)2 and 111In-Fab were
0.61 nM, 0.72 nM and 3.04 nM, respectively.

Animal Experiments. Biodistribution of 111In-R1507 IgG,
111In-F(ab′)2 and 111In-Fab. Figure 3 summarizes the results of
biodistribution study. Highest absolute tumor uptake was found
for 111In-R1507 IgG. Tumor uptake was 11.1 ± 0.9% ID/g, 20.9
± 3.3% ID/g and 31.8 ± 6.3% ID/g at 6, 24 and 72 h after
injection, respectively. Tumor-to-blood ratios gradually in-
creased over time and were 0.5 ± 0.04, 1.2 ± 0.2 and 2.8 ± 0.7
at 6, 24 and 72 h after injection, respectively. At 72 h after
injection, tumor uptake and tumor-to-blood ratios were
significantly lower in mice that received an excess of unlabeled
R1507 IgG, suggesting that the tumor uptake was IGF-1R

mediated. Uptake in the other organs was not affected by an
excess of unlabeled R1507.
The absolute tumor uptake of 111In-F(ab′)2 was lower than

that of 111In-R1507 IgG. 2, 6 and 24 h after injection, tumor
uptake was 6.7 ± 1.2% ID/g, 10.0 ± 1.2% ID/g and 7.2 ± 1.6%
ID/g, respectively. However, tumor-to-blood ratios of 111In-
F(ab′)2 were higher due to the faster clearance of 111In-F(ab′)2
from the blood. At 24 h after injection, the concentration of
111In-F(ab′)2 in the blood was 1.0 ± 0.1% ID/g, compared with
21.4 ± 2.5% ID/g for 111In-R1507 IgG. As a result of this faster
clearance, tumor-to-blood ratios at 2, 6 and 24 h after injection
were 0.4 ± 0.1, 1.2 ± 0.3 and 7.5 ± 1.4, respectively. Tumor
targeting and tumor-to-blood ratios were significantly lower in
mice that were injected with an excess of unlabeled R1507 IgG,
suggesting that the uptake was IGF-1R mediated.
Of all three radiotracers, 111In-Fab showed the lowest tumor

uptake: 1.8 ± 0.4% ID/g, 1.4 ± 0.1% ID/g and 0.8 ± 0.1% ID/
g at 1, 2 and 6 h after injection, respectively. Although 111In-Fab
was cleared from the circulation very rapidly (1.2 ± 0.1% ID/g
at 1 h p.i.), tumor-to-blood ratios remained low: 1.4 ± 0.2, 2.0
± 0.1 and 2.8 ± 0.6, at 1, 2 and 6 h after injection, respectively.
Injection of an excess of unlabeled R1507 IgG indicated that
the major fraction of the tumor targeting was due to nonspecific
uptake.
Besides differences in tumor targeting and tumor-to-blood

ratios, there were also differences in targeting to normal organs.
Most apparent were the differences in kidney uptake. For 111In-
R1507 IgG, kidney uptake was highest 6 h after injection (8.0 ±
0.7% ID/g). Uptake of 111In-F(ab′)2 and 111In-Fab at the same
time point was much higher: 65.4 ± 5.6% ID/g and 156.0 ±
13.3% ID/g, respectively.

ImmunoSPECT/CT with 111In-R1507 IgG, 111In-F(ab′)2 and
111In-Fab. Figure 4A shows typical SPECT/CT images of 111In-
R1507 IgG. At 6 h after injection, tumors were visible but
uptake in the tumor was the same in mice that were injected
with an excess of unlabeled antibody and was therefore not
specific for IGF-1R. At later time points (24 and 72 h), tumors
were more clearly visualized and tumor uptake was IGF-1R
mediated. Due to the increase in tumor uptake and clearance
from the circulation, tumor-to-normal tissue contrast increased
over time. SPECT/CT images also showed nonspecific uptake
of 111In-R1507 IgG in the liver and spleen. Tumor uptake was
derived from the SPECT images obtained at 6, 24 and 72 h
postinjection and was 12.4 ± 2.8% ID/g, 15.9 ± 2.4% ID/g,
26.9 ± 3.0% ID/g, respectively. In the ex vivo biodistribution
(72 h p.i.), mean tumor uptake of 111In-R1507 IgG was 25.7 ±
3.4% ID/g and tumor-to-blood ratio was 2.3 ± 0.3 (Table 2).
Representative SPECT/CT images of 111In-F(ab′)2 are

presented in Figure 4B. As early as 2 h after injection of
111In-F(ab′)2, SUM149 xenografts were clearly visualized. At
later time points (6 and 24 h), tumor−normal tissue contrast
improved due to the clearance of 111In-F(ab′)2 from the
circulation. At all time points, tumor uptake was likely to be
specific for IGF-1R, as indicated by the higher tumor−normal
tissue contrast than in mice injected with an excess of unlabeled
R1507 IgG. High accumulation of radiolabeled F(ab′)2 in the
kidneys was observed, with activity mainly localized in the renal
cortex. In addition, 111In-F(ab′)2 also accumulated in spleen
and liver. However, uptake in these organs was not IGF-1R
mediated. Tumor uptake was calculated from the SPECT
images obtained at 2, 6 and 24 h postinjection and was 6.0 ±
2.5% ID/g, 6.3 ± 2.1% ID/g and 6.2 ± 1.7% ID/g, respectively.

Figure 1. Binding of 111In-R1507 IgG, 111In-F(ab′)2 and 111In-Fab to
SUM149 cells. Binding is presented as mean ± SD.

Figure 2. Competitive binding curves of IC50 determination of DTPA-
conjugated R1507 IgG, F(ab′)2 and Fab on SUM149 cells. 111In-
R1507 was used as radiotracer. Binding is presented as mean ± SD.
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The ex vivo biodistribution (24 h p.i.) showed a mean tumor
uptake of 111In-F(ab′)2 of 6.7 ± 1.6% ID/g and a tumor-to-
blood ratio of 9.1 ± 2.4 (Table 2).
Figure 4C shows typical SPECT/CT images of 111In-Fab.

Tumors were visualized, however, tumor-to-normal tissue
contrast was low and similar to those in mice that received
an excess of unlabeled R1507, indicating that tumor uptake was
not IGF-1R mediated. Similarly to 111In-F(ab′)2, high
accumulation of radiolabeled Fab in the kidneys was observed,
with activity mainly localized in the renal cortex. In addition,
111In-Fab also accumulated in spleen and liver. Tumor uptake
was calculated from the SPECT images obtained at 1, 2 and 6 h
postinjection and was 1.7 ± 0.1% ID/g, 1.3 ± 0.1% ID/g and
0.9 ± 0.1% ID/g, respectively. The ex vivo biodistribution (6 h
p.i.) showed that the mean tumor uptake of 111In-F(ab′) was
0.8 ± 0.1% ID/g and the tumor-to-blood ratio was 4.3 ± 0.7
(Table 2).
Tumor uptake obtained from SPECT images correlated

significantly with the uptake measured in the ex vivo
biodistribution study (Pearson R = 0.98).

■ DISCUSSION
This study showed the potential of 111In-F(ab′)2 to image IGF-
1R expressing tumors. The main advantages of 111In-F(ab′)2
compared to 111In-R1507 IgG are the more rapid accumulation
in the tumor and more rapid clearance from the circulation.
Therefore, IGF-1R expressing xenografts can be visualized
within several hours after injection. In addition, tumor-to-blood
ratios at 24 h after injection were significantly higher as
compared to intact R1507. Further reducing the size of the

antibody into Fab fragments decreased the affinity for IGF-1R
and resulted in an almost complete loss of specific in vivo
tumor targeting.
In vitro experiments were performed to compare the IGF-1R

binding characteristics of R1507 IgG, F(ab′)2 and Fab. Overall,
binding characteristics (immunoreactivity, internalization, IC50
and Kd) of 111In-R1507 and 111In-F(ab′)2 were similar. In
contrast, 111In-Fab had a markedly lower IC50 and Kd, most
likely due to the monovalency of Fab fragments. A similar
reduction of the affinity has been observed for other Fab
fragments, like trastuzumab and cG250 Fab.20,21

In vivo biodistribution studies showed that both 111In-R1507
IgG and 111In-F(ab′)2 efficiently and specifically accumulated in
the IGF-1R expressing tumors, while 111In-Fab fragments
hardly showed any specific tumor uptake. Absolute tumor
uptake was highest for 111In-R1507 IgG (maximum uptake at
72 h p.i.: 31.8% ID/g), compared with 111In-F(ab′)2 (maximum
uptake at 6 h p.i.: 10.0% ID/g) and 111In-Fab (maximum
uptake at 1 h p.i.: 1.8% ID/g). However, tumor-to-blood ratios
were more than 2-fold higher for 111In-F(ab′)2 (optimal time
point 24 h p.i.: 7.5) compared to 111In-R1507 IgG (optimal
time point 72 h p.i.: 2.8), which can be explained by differences
in the circulatory half-lives of the radiotracers. The more rapid
elimination of F(ab′)2 from the circulation is most likely
explained by its reduced size and the lack of Fc domains. Fc
domains can interact with the neonatal Fc receptor which
mediates recycling of these molecules.17

111In-F(ab′)2 was cleared via the kidneys, resulting in high
kidney accumulation, which was not found for 111In-R1507 IgG.
This high accumulation indicates that R1507 F(ab′)2 fragments

Figure 3. Ex vivo biodistribution results of mice bearing subcutaneous IGF-1R expressing SUM149 xenografts at several time points after
intravenous injection of (A) 111In-R1507 IgG, (B) 111In-F(ab′)2 or (C) 111In-Fab. (D) Summary of tumor-to-blood ratios of all three radiotracers.
Data are presented as mean ± SD (n = 5 per group).
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were reabsorbed after glomerular filtration. Although the
threshold for glomerular filtration is around 60 kDa, several
F(ab′)2 fragments have been shown to accumulate in the
kidneys.22−25 The mechanism of kidney uptake is poorly
understood. A potential explanation might be that F(ab′)2
fragments are dissociated or enzymatically cleaved into smaller
molecules such as Fab′ which can pass the glomerular
membrane. This hypothesis is supported by the fact that
chemically stabilized F(ab′)2 fragments showed significantly
lower renal accumulation than enzymatically prepared F(ab′)2
fragments.26

High kidney accumulation may be a disadvantage because it
can interfere with the visualization of tumor lesions located in
the vicinity of the kidney. However, in most breast cancer
patients this is not a major problem, since kidneys metastases
are uncommon.27,28 Nevertheless, visualization of lower
vertebral lesions could be improved by applying strategies to
reduce the tubular reabsorption of antibody fragments in the

kidneys, for example, by using positively charged amino acids,
gelofusin or albumin fragments.29−31

The main advantage of 111In-F(ab′)2 over 111In-R1507 IgG is
the possibility to perform imaging as early as 6 h after injection.
At that time, tumor uptake and tumor−normal tissue contrast is
sufficient to visualize tumor lesions with 111In-F(ab′)2, while at
that time point no specific targeting of 111In-R1507 IgG can be
detected yet. Also, 24 h after injection, tumor-to-blood ratios of
111In-F(ab′)2 were significantly higher than those of 111In-
R1507 IgG at 72 h. Even at 144 h after injection, tumor-to-
blood ratios of 111In-F(ab′)2 were twice as high than those of
111In-R1507 IgG (3.8 versus 7.5, previously published data).15

Imaging at early time points after injection is especially
important when repeated imaging is required within short time
intervals, for example, when studying the dynamics of IGF-1R
expression during treatment or disease progression in
preclinical studies. This is relevant since IGF-1R expression
may change over time because of cytotoxic, antiestrogen or

Figure 4. Representative SPECT and SPECT/CT images of mice bearing subcutaneous IGF-1R expressing SUM149 xenografts (white arrows) at
several time points after intravenous injection of (A) 111In-R1507 IgG, (B) 111In-F(ab′)2 or (C) 111In-Fab.
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anti-HER2 treatment or tumor progression.6−9 Moreover,
imaging at several hours instead of several days after injection
is more practical in the clinical situation.
Besides radiolabeling of antibodies and antibody fragments,

other approaches for in vivo imaging of IGF-1R expression have
been studied. Cornelissen et al. have used 111In-IGF-1(E3R), an
analogue of IGF-1 which does not bind IGF binding proteins,
to visualize IGF-1R expression of subcutaneous MCF-7/
HER2−18 tumors with microSPECT. However, 111In-IGF-
1(E3R) showed lower tumor uptake and lower tumor-to-
normal tissue contrast compared with 111In-R1507 IgG and
111In-F(ab′)2.32
Another tracer used for visualization of IGF-1R expression is

the Affibody molecule ZIGF‑1R:4551.
33 ZIGF‑1R:4551 has affinity for

both murine and human IGF-1R. As a result, targeting of
human tumors and IGF-1R expressing normal tissue can be
studied in mice with human tumor xenografts. This makes it an
adequate model to evaluate IGF-1R targeting in vivo because a
high expression in normal organs can affect tumor−normal
tissue contrast. SPECT imaging with this tracer allowed the
visualization of IGF-1R expressing prostate cancer xenografts,
even while the uptake in normal IGF-1R expressing organs was
considerable.
Our studies have shown the feasibility of 111In-R1507 IgG

and 111In-F(ab′)2 SPECT/CT for in vivo imaging of IGF-1R
expression. However, these experiments were performed under
optimal conditions, since R1507 does not cross react with the
murine IGF-1R. In patients, radiolabeled R1507 IgG and
F(ab′)2 will also recognize IGF-1R, which is widely expressed in
normal tissues, including muscle, cartilage and bone.34−36 This
could result in enhanced uptake in IGF-1R expressing normal
tissues, as shown by Tolmachev et al.33 Future studies will have
to show whether imaging of IGF-1R expression with SPECT is
also feasible in patients.

■ CONCLUSION
111In-F(ab′)2 fragments improved the imaging of IGF-1R
expressing tumors by faster and better targeting. Tumor-to-
blood ratios were twice as high compared to 111In-R1507 IgG,
and SPECT/CT images could be acquired as early as 6 h p.i.
For individualization and optimization of IGF-1R targeted
therapy, 111In-F(ab′)2 may be the tracer of choice.
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