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Abstract Purpose: To investigate whether F(ab0)2-fragments of the monoclonal Insulin-like
Growth Factor-1 Receptor (IGF-1R) antibody R1507 (F(ab0)2-R1507) can successfully target
IGF-1R in Ewing sarcomas (ES).
Materials and methods: BALB/c nude mice were subcutaneously implanted with IGF-1R-
expressing human ES xenografts (EW-5 and EW-8) which previously showed heterogeneous
or no uptake of indium-111-labelled R1507 IgG (111In-R1507), respectively. Mice were injected
with 111In-F(ab0)2-R1507 or 111In-R1507 as a reference. Biodistribution and immuno-SPECT/
computed tomography (CT) imaging studies were carried out 2, 4, 8 and 24 h post-injection
(p.i.) for 111In-F(ab0)2-R1507 and 24 h p.i. for 111In-R1507.
Results: Biodistribution studies showed specific accumulation of 111In-F(ab0)2-R1507 in EW-5
xenografts from t = 2 h p.i. onwards (3.6 ± 0.2%ID/g at t = 24 h p.i.) and 111In-F(ab0)2-R1507
immuno-SPECT showed almost homogeneous intratumoural distribution at t = 24 h p.i.
Tumour-to-blood ratios of 111In-F(ab0)2-R1507 were significantly higher than those of 111In-
R1507 at t = 24 h p.i. (2.4 ± 0.4 versus 0.5 ± 0.1, respectively; p < 0.05). More importantly,
111In-F(ab0)2-R1507 also specifically accumulated in EW-8 tumours (3.7 ± 0.7%ID/g at
t = 24 h p.i). In both EW-5 and EW-8 tumours, there was a good spatial correlation between
lsevier Ltd. All rights reserved.

09

ported by the Vanderes Foundation and the Radboud AYA Foundation. H.W.M. van Laarhoven was
of the Dutch Research Council (016.096.010).
rtment of Medical Oncology (Internal Postal Code: 452), Radboud University Nijmegen Medical Centre,
Netherlands. Tel.: +31 (0)24 3618897; fax: +31 (0)24 3540788.

cn.nl (E.D.G. Fleuren).

http://dx.doi.org/10.1016/j.ejca.2013.04.009
mailto:E.Fleuren@onco.umcn.nl
http://dx.doi.org/10.1016/j.ejca.2013.04.009
http://dx.doi.org/10.1016/j.ejca.2013.04.009
http://dx.doi.org/10.1016/j.ejca.2013.04.009
www.sciencedirect.com


2852 E.D.G. Fleuren et al. / European Journal of Cancer 49 (2013) 2851–2858
IGF-1R expression and 111In-F(ab0)2-R1507 tumour distribution.
Conclusion: 111In-F(ab0)2-R1507 fragments can successfully target IGF-1R in ES models and
have superior tumour penetrating and IGF-1R-targeting properties as compared to 111In-
R1507. This suggests that anti-IGF-1R therapies in ES and other tumours may be improved
by using smaller therapeutic compounds, although further in vivo studies addressing this topic
are warranted.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Ewing sarcoma (ES) is the second most common pri-
mary malignant bone tumour occurring in children and
adolescents. Despite intensive multimodal treatment,
survival is still limited and side-effects of treatment are
observed frequently.1,2 Thus, more effective, and hope-
fully less toxic treatment modalities to target ES are
needed.

A promising treatment option is blocking of Insulin-
like Growth Factor-1 Receptor (IGF-1R) signalling.
Multiple in vitro and in vivo studies previously demon-
strated a pivotal regulatory role for this transmembrane
receptor tyrosine kinase in several cancers, including ES,
and several strategies have been developed to manipu-
late the IGF-1R pathway.3–5 One group of promising
agents are the human monoclonal IGF-1R antibodies
which demonstrated marked anti-tumour activity in
ES mouse models.6–8 Significant anti-tumour activity
was observed in some ES patients as well, with hardly
any side-effects.9–12 The major limitation of this therapy,
however, is that the majority of ES patients show pri-
mary resistance to IGF-1R antibody therapy although
IGF-1R is expressed in virtually all ES specimens (75–
93% of primary tumours).13,14

Possible underlying reasons for this limitation are cur-
rently under investigation and some progress has been
made by our group and others.6,15,16 In in vivo bone sar-
coma models we demonstrated with 111In-R1507
immuno-SPECT, a novel method to visualise membra-
nous IGF-1R expression and accessibility, that the effi-
cacy of IGF-1R antibody (R1507) mediated therapy
not only depends on target expression, but also on
in vivo target accessibility.6,17 Since antibodies are rela-
tively large-sized molecules (±150 kDa), they are consid-
ered to have limited tumour penetrating capacities.18 We
therefore hypothesised that smaller antibody fragments,
such as F(ab0)2 fragments (±110 kDa), may demonstrate
better (and faster) tumour penetration as compared to
intact immunoglobulin G (IgG) molecules, thereby pos-
sibly resulting in a more homogeneous intratumoural
distribution.19,20 The use of F(ab0)2 fragments may be
of particular interest in ES, since IGF-1R expression is
often demonstrated, but an adequate response to IGF-
1R antibody therapy is still not achieved in most
patients. Recently, Heskamp et al. described the
construction of 111In-labelled R1507-F(ab0)2 fragments
(111In-F(ab0)2-R1507) and successfully used these frag-
ments for IGF-1R visualisation in an in vivo breast can-
cer model with immuno-SPECT.21 Whether these
F(ab0)2-R1507 fragments can also be used for IGF-1R
targeting in ES, and possibly demonstrate superior and
faster tumour penetration compared to R1507 in ES
models, remains to be investigated.

Therefore, in the present study we evaluated the
in vivo tumour uptake and distribution pattern of
111In-F(ab0)2-R1507 in EW-5 and EW-8 ES xenografts
with immuno-SPECT. These xenografts have apparent
IGF-1R expression but show heterogeneous or non-
specific uptake of 111In-R1507, which correlated directly
to the modest or lack of response to R1507 therapy.6,17

Therefore, these are suited models to evaluate the IGF-
1R-targeting properties of 111In-F(ab0)2-R1507, which
may provide novel insights into the design of future
IGF-1R-targeted therapies in ES and other tumours.

2. Material and methods

2.1. Mouse models

Female BALB/c nude mice were subcutaneously (s.c.)
implanted with ES xenografts (EW-5 and EW-8; Paedi-
atric Preclinical Testing Program (PPTP)) for biodistri-
bution and imaging studies. Experiments were
performed when tumours weighed 0.1–0.3 g. Experi-
ments were approved by and carried out in accordance
with the guidelines of the Institutional Animal Welfare
Committee of the Radboud University Nijmegen.

2.2. Production and radiolabelling of F(ab0)2-R1507

R1507, a fully human monoclonal antibody directed
against an extracellular epitope of the human IGF-1R,
was obtained from Roche Diagnostics (Mannheim,
Germany). F(ab0)2 constructs were produced from
R1507-IgG by pepsin digestion, purified, conjugated with
diethylene triamine pentaacetic acid (DTPA) and
radiolabelled with Indium-111 (111In) as previously
described21 (details: Supplementary methods and
Supplemental Fig. 1). In all experiments, the radiochem-
ical purity of 111In-F(ab0)2-R1507 and 111In-R1507
exceeded 98%.
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2.3. In vitro characteristics of 111In-F(ab0)2-R1507 and
111In-R1507

Immunoreactive fractions of 111In-F(ab0)2-R1507 and
111In-R1507 determined essentially as described by
Lindmo et al. were 60% and 88%, respectively, with
comparable affinities as determined with Scatchard anal-
ysis (Kd 0.7 nM and 0.6 nM, respectively).21,22
2.4. Biodistribution studies

Tumour-bearing (EW-5) mice were intravenously
injected with equimolar amounts of 111In-F(ab0)2-
R1507 (1 lg) or 111In-R1507 (1.36 lg) (0.2 MBq each).
Groups of control mice were injected at day –3 with
300 lg unlabelled R1507 for in vivo IGF-1R blocking.
At t = 2, 4, 8 and 24 h (n = 6 per group) post-injection
(p.i.). of 111In-F(ab0)2-R1507, mice were euthanised
using O2/CO2-asphyxiation and relevant tissues includ-
ing tumour, blood, muscle, femur, lung, liver, kidney,
spleen, duodenum and pancreas were dissected, blotted
dry and weighed. Mice receiving 111In-R1507 were
euthanised 24 h p.i., followed by the dissection of rele-
vant tissues. Activity was measured in a shielded 3-in.-
well-type gamma-counter (Wizard, Pharmacia-LKB,
Sweden). To correct for physical decay and calculate
uptake of the radiolabelled fragment/antibody in each
sample as a fraction of the injected dose, aliquots of
injected doses were counted simultaneously. Results
are expressed as percentage of the injected dose per
gram (%ID/g).
2.5. Immuno-SPECT

EW-5 and EW-8 tumour-bearing mice received an
intravenous injection of 2 lg 111In-F(ab0)2-R1507
(24 MBq; n = 4 each). At t = 2, 4, 8 and 24 h p.i., mice
were anesthetised using isoflurane/O2 inhalation and
scanned for 0.5–1 h using the U-SPECT-II gamma
camera (MILabs, Utrecht, The Netherlands) and the
1.0 mm diameter pinhole mouse collimator tube (high
sensitivity). After the final scan at t = 24 h, mice were
euthanised and 111In-F(ab0)2-R1507-uptake was deter-
mined ex vivo, as described above. Additional EW-5
(n = 2) and EW-8 (n = 4) tumour-bearing mice were
injected with 700 lg unlabelled R1507 at day -3,
scanned 24 h p.i. and dissected. One EW-5 and one
EW-8 tumour-bearing mouse was injected with an
equimolar amount of 111In-R1507 (2.7 lg), scanned
24 h p.i. and dissected.

Scans were reconstructed with MILabs reconstruc-
tion software, using an ordered-subset expectation max-
imisation algorithm (voxel size 0.4 mm). Representative
3D images are displayed.
2.6. Computed tomography (CT)-scan

CT-scans were performed directly after immuno-
SPECT. Mice were scanned for 8 min using the U-CT
scanner (MILabs) and images were reconstructed using
MILabs reconstruction software. To determine the exact
location of 111In-activity, CT- and immuno-SPECT
scans were co-registered. 3D images were created using
Siemens Inveon Research Workplace software (Siemens,
United States of America (USA)).

2.7. Immunohistochemistry (IHC)

Xenografts were stained immunohistochemically to
detect IGF-1R expression using a polyclonal rabbit
anti-IGF-1Rb antibody (Cell Signaling Technology) as
previously described.6

2.8. Autoradiography

EW-5 and EW-8 tumours were subjected to autoradi-
ography to visualise intratumoural distribution of 111In-
F(ab0)2-R1507 after i.v. injection. After dissection, ES
xenografts were fixed in 4% formalin, paraffin embedded
and 10 lm sections were cut. Slides were covered by a
phosphor imaging plate, incubated for approximately
24 h and developed in the PhosphorImager (Fuji,
BAS-1800 II).

3. Results

3.1. Biodistribution and pharmacodynamics of 111

In-F(ab0)2-R1507 in mice with EW-5 xenografts

The biodistribution results of 111In-F(ab0)2-R1507
(t = 2, 4, 8 and 24 h p.i.) and 111In-R1507 (t = 24 h
p.i.) in mice bearing EW-5 xenografts are summarised
in Fig. 1A. From t = 2 h p.i. onwards, 111In-F(ab0)2-
R1507 specifically accumulated in EW-5 tumours
(2.3 ± 0.7%ID/g), and uptake levels increased on t = 4,
8 and 24 h (3.4 ± 0.6%ID/g, 3.5 ± 0.7%ID/g and
3.6 ± 0.2%ID/g, respectively). Tumour uptake levels of
111In-F(ab0)2-R1507 were significantly lower than those
of 111In-R1507 (7.9 ± 1.6%ID/g on t = 24 h, p < 0.05).
Tumour uptake of 111In-F(ab0)2-R1507 was specific
since administration of an excess unlabelled R1507
(300 lg) resulted in a significant decrease in tumour
uptake at all time points, indicating specific IGF-1R-
mediated accumulation. In addition, 111In-F(ab0)2-
R1507 rapidly cleared from the blood, with a residual
blood level of only 1.5 ± 0.2%ID/g at 24 h p.i., whereas
blood levels of 111In-R1507 were still high 24 h p.i.
(16.4 ± 2.8%ID/g). Consequently, best tumour-to-blood
ratios for 111In-F(ab0)2-R1507 were seen at t = 24 h
(2.4 ± 0.4), being significantly higher than the tumour-



Fig. 1. Biodistribution and pharmacodynamics of 111In-F(ab0)2-R1507 and 111In-R1507 in mice with EW-5 xenografts. (A) Mice bearing EW-5
xenografts were injected with 0.2 MBq of 111In-F(ab0)2-R1507 (F(ab0)2) or 111In-R1507 (IgG). The amount of F(ab0)2-R1507 molecules injected was
similar to the amount of R1507 molecules injected. An additional group of mice received 300 lg unlabelled R1507 3 days prior to injection of 111In-
F(ab0)2-R1507 or 111In-R1507 to block the Insulin-like Growth Factor-1 Receptor (IGF-1R) in vivo. Mice injected with 111In-F(ab0)2-R1507 were
dissected at t = 2, 4, 8 and 24 h p.i; mice injected with 111In-R1507 at t = 24 h p.i. Values are presented as mean %ID/g ± SD (n = 5 per group).
*p < 0.05 (Student’s t-test). (B) Tumour-to-blood ratios of 111In-F(ab0)2-R1507 (F(ab0)2) at t = 2, 4, 8 and 24 h p.i. and 111In-R1507 (IgG) at
t = 24 h p.i. Values are presented as mean ± SD (n = 5 per group).
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to-blood ratio of 111In-R1507 at that time point
(0.5 ± 0.1; p < 0.05) (Fig. 1B).

In most normal tissues, 111In-F(ab0)2-R1507 uptake
gradually decreased over time due to blood clearance.
However, high 111In-F(ab0)2-R1507 accumulation was
observed in the kidneys at all time points, which was
not seen with 111In-R1507. Some residual 111In-F(ab0)2-
R1507 activity was also present in the liver (3.9 ± 0.3%
ID/g) and the spleen (3.0 ± 0.1%ID/g) at t = 24 h p.i.
In all normal tissues however, 111In-F(ab0)2-R1507
uptake was non-specific, since targeting remained similar
in the presence of an excess unlabelled R1507.
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3.2. Immuno-SPECT/CT of 111In-F(ab0)2-R1507 in mice

with EW-5 xenografts

Membranous IGF-1R expression was clearly visual-
ised in EW-5 tumours with 111In-F(ab0)2-R1507
immuno-SPECT (n = 4). CT-scans were acquired to
visualise animal anatomy. Representative immuno-
SPECT/CT images acquired at t = 2, 4, 8 and 24 h p.i.
of 111In-F(ab0)2-R1507 in a EW-5 tumour are shown in
Fig. 2A. Already 2 h p.i., the 111In-F(ab0)2-R1507 frag-
ments visualised the tumour, although at this time point
significant activity was still present in other tissues as
well. Due to the rapid F(ab0)2 clearance however,
tumour-to-background contrast rapidly improved
resulting in a clear visualisation of the tumour at
t = 24 h p.i. At that time point, 111In-F(ab0)2-R1507
showed an almost homogeneous intratumoural distribu-
tion. Ex vivo activity measurement of the displayed
tumour at t = 24 h revealed a tumour uptake of
3.5%ID/g and a tumour-to-blood ratio of 2.3. Uptake
in most other organs remained low, with a tumour-to-
muscle ratio of 10.8. The kidneys, however, showed high
levels of 111In-F(ab0)2-R1507 accumulation (69.2%ID/g)
and some activity was still present in the spleen
(5.0%ID/g) and the liver (3.9%ID/g) as well. Uptake
in all non-tumour tissues was non-specific, as the
addition of an excess unlabelled R1507 solely affected
Fig. 2. Immuno-SPECT/computed tomography (CT) of 111In-F(ab0)2-R150
CT scans of mice bearing EW-5 (upper row) or EW-8 (lower row) xenograf
of 111In-F(ab0)2-R1507 + excess unlabelled R1507 (B) and at t = 24 h p.i. o
F(ab0)2-R1507 molecules injected was similar to the amount of R1507 mol
tumour uptake (Fig. 2B). Fig. 2C clearly shows that
although absolute tumour uptake of 111In-R1507
(7.0%ID/g) was higher than that of 111In-F(ab0)2-
R1507, 111In-R1507 only targeted one small tumour
fraction, whereas IGF-1R was expressed virtually
throughout the whole tumour (not shown). The
tumour-to-blood ratio was also much lower (0.7) than
with 111In-F(ab0)2-R1507.

3.3. Immuno-SPECT/CT of 111In-F(ab0)2-R1507 in mice

with EW-8 xenografts

Mice with EW-8 xenografts were injected with 111In-
F(ab0)2-R1507 as well and the distribution of the F(ab0)2

fragments was studied by immuno-SPECT/CT (n = 4).
Representative immuno-SPECT/CT images acquired
at t = 2, 4, 8 and 24 h p.i. of 111In-F(ab0)2-R1507 in a
EW-8 tumour are shown in Fig. 2A. Interestingly,
111In-F(ab0)2-R1507 distribution in EW-8 tumours clo-
sely resembled the pattern seen in EW-5 tumours. Ex
vivo biodistribution supported these findings by demon-
strating a tumour uptake of 3.7 ± 0.7%ID/g and a
tumour-to-blood ratio of 3.1 ± 1.0 at 24 h p.i. Addition
of an excess R1507 only affected tumour uptake
(1.4 ± 0.1%ID/g), indicating that also in EW-8 tumours
111In-F(ab0)2-R1507 uptake was specific and IGF-1R-
mediated (Fig. 2B).
7 in mice with EW-5 and EW-8 xenografts. CT- and immuno-SPECT/
ts at t = 2, 4, 8 and 24 h p.i. of 111In-F(ab0)2-R1507 (A), at t = 24 h p.i.
f 111In-R1507 (C). All mice were injected with 24 MBq. The amount of
ecules injected. Arrows indicate tumour localisation.



Fig. 3. Spatial correlation between 111In-F(ab0)2-R1507 tumour dis-
tribution and Insulin-like Growth Factor-1 Receptor (IGF-1R)
expression. 111In-activity (A) and IGF-1R expression (B) in the same
EW-5 and EW-8 xenografts as depicted in Fig. 2A at t = 24 h p.i. of
111In-F(ab0)2-R1507 (24 MBq). Sections are directly adjacent. Boxed
areas in autoradiographs indicate regions with high (H) and low (L)
111In-F(ab0)2-R1507 uptake. IHC images are 100� magnification,
haematoxylin counterstain.
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Fig. 2C illustrates that F(ab0)2 fragments have supe-
rior tumour penetrating and IGF-1R-targeting proper-
ties compared to intact R1507-IgG molecules, because
IGF-1 receptors in EW-8 tumours are solely targeted
with 111In-F(ab0)2-R1507 and not with 111In-R1507.6

IHC confirmed that IGF-1R was abundantly present
in this tumour (not shown).
3.4. Spatial correlation between IGF-1R expression and
111In-F(ab0)2-R1507 tumour distribution

After dissection, EW-5 and EW-8 tumours were sub-
jected to autoradiography and IHC to demonstrate
respectively areas of 111In-F(ab0)2-R1507 accumulation
and IGF-1R expression (adjacent slides). The 111In-
F(ab0)2-R1507 uptake pattern in the autoradiographs
was consistent with the observed 3D SPECT-images
(24 h p.i.) and the spatial distribution of 111In-F(ab0)2-
R1507 correlated generally well with the spatial distribu-
tion of IGF-1R in both ES models. Two examples are
given in Fig. 3, highlighting IGF-1R expression levels
in regions with high and low 111In-F(ab0)2-R1507 uptake.
4. Discussion

In this study, we demonstrated that 111In-F(ab0)2-
R1507 fragments can successfully target IGF-1R in
in vivo ES models. Since the IGF-1R positive EW-8
tumours were only visualised with 111In-F(ab0)2-R1507,
this indicates that targeting with F(ab0)2 fragments is
superior to that of intact R1507-IgGs. These findings
support the hypothesis that smaller compounds could
exert superior tumour penetrating and IGF-1R-target-
ing properties compared to larger compounds (such as
IgGs) and may also explain why EW-8 tumours previ-
ously did not show a response to R1507 therapy.6 Other
studies also support the concept that smaller molecules
demonstrate better (IGF-1R) targeting and conse-
quently superior anti-tumour responses in ES. Although
EW-8 tumours demonstrated no response to a large
panel of IGF-1R antibodies, an improved response
was seen with the small-molecule IGF-1R-inhibitor
BMS-754807 (462 Da). With BMS-754807, EW-5 and
EW-8 xenografts demonstrated similar anti-tumour
responses (both intermediate), while with all IGF-1R
antibodies EW-5 tumours demonstrated better anti-
tumour responses than EW-8 tumours (high/intermedi-
ate versus low).6–8,23,24 However, in addition to IGF-
1R, BMS-754807 also inhibits insulin receptor (IR) sig-
nalling.25 Although there is increasing evidence for an
oncogenic role for IR in ES, recent studies indicated that
IR signalling is of minor importance in ES mouse mod-
els, suggesting that the smaller size may be the most
important reason for improved IGF-1R targeting.13,26,27

Although F(ab0)2 fragments were rapidly cleared from
most normal tissues, substantial kidney accumulation
was observed, indicating reabsorption after glomerular
filtration. Although similar results were seen with 111In-
F(ab0)2-R1507 in mice bearing breast cancer xenografts
and in other F(ab0)2-studies, F(ab0)2 fragments are gener-
ally not reabsorbed in the tubular cells, because the
threshold for glomerular filtration is around
60 kDa.21,28,29 The high kidney accumulation seen in this
study suggests that the F(ab0)2 fragments are degraded to
catabolites <60 kDa that are subject to renal filtration.30

When solely considering the biodistribution results in
EW-5 tumours, it might seem that 111In-R1507 is a supe-
rior IGF-1R-targeting agent as compared to 111In-
F(ab0)2-R1507 due its higher absolute tumour uptake.
However, immuno-SPECT clearly showed that all
111In-R1507 activity accumulated in one small area
within the tumour, whereas 111In-F(ab0)2-R1507 was dis-
tributed throughout virtually the whole tumour. More-
over, in both ES models, spatial tumour distribution
of 111In-F(ab0)2-R1507 correlated well with the spatial
IGF-1R distribution, in contrast to 111In-R1507.6,18

This further supports our hypothesis that F(ab0)2-
R1507 fragments are superior to intact R1507-IgG mol-
ecules in overcoming physiological barriers in ES, and
highlights the importance of examining distribution pat-
terns by immuno-SPECT instead of solely considering
absolute uptake levels.

Whether F(ab0)2-R1507 fragments could also be effec-
tive in a therapeutic setting remains to be established.
Although both EW-5 and EW-8 models demonstrated
specific 111In-F(ab0)2-R1507 uptake, absolute tumour
uptake was low (3–4%ID/g). Because these small frag-
ments are also rapidly cleared from the circulation,
durable receptor blocking may be difficult to achieve.
Other small IGF-1R-targeting compounds however,
including the small-molecule inhibitors BMS-754807
and OSI-906, have already shown (pre)clinical anti-
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tumour activity in several tumour types at clinically
achievable doses and may therefore be more suited can-
didates for future ES treatment.24,31–33 Another advan-
tage of IGF-1R-targeting small-molecule inhibitors is
their ability to inhibit both membranous and intracellu-
lar (including nuclear) IGF-1R signalling.34 This can be
relevant since in addition to membranous IGF-1R,
nuclear IGF-1R expression was also demonstrated in
ES patients, possibly reflecting IGF-1R activity.13,15,34

Nuclear IGF-1R correlated to sensitivity of sarcomas
(including ES) to IGF-1R antibodies in a small cohort,
although at best partial response was reported, leaving
possible room for improvement with small-molecule
inhibitors.15 Further (in vivo) research on the exact ther-
apeutic value of these and other small IGF-1R-targeting
compounds (e.g. single-chain antibodies/affibodies) in
ES is warranted.35–37

In conclusion, we have shown that F(ab0)2-R1507
fragments successfully target IGF-1R in ES models
and have superior tumour penetrating and IGF-1R-tar-
geting properties as compared to intact R1507-IgGs.
This suggests that anti-IGF-1R therapies in ES and
other tumours may be improved by using smaller thera-
peutic compounds. Further in vivo studies are required
to investigate any beneficial therapeutic effects of
F(ab0)2-R1507 fragments or other small IGF-1R-target-
ing compounds.
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