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Despite the recent development of various radiolabeled Arg-
Gly-Asp (RGD) peptides for imaging the avb3 integrin receptor,
relatively little attention has been focused on the ability of these
radiotracers to monitor changes in tumor vascularity after antitu-
mor therapies. This study describes the favorable in vivo kinetics
and tumor-targeting propertiesof 18F-AH111585, a novel 18F-RGD
peptide, and its ability to monitor tumor vascularity noninvasively.
Methods: Mice bearing Lewis lung carcinoma (LLC) tumors or
Calu-6 non–small cell lung tumor xenografts were used for in
vivo biodistribution and small-animal PET imaging studies. Inaddi-
tion, some animals were treated with either low-dose paclitaxel
or the vascular endothelial growth factor receptor-2 tyrosine
kinase inhibitor ZD4190. Tumor uptake of 18F-AH111585 and
microvessel density were then assessed. Results: Biodistribution
of 18F-AH111585 demonstrated rapid clearance from the blood
and key background organs and good tumor accumulation, with
1.5 percentage injected dose per gram (%ID/g) present at 2 h after
injection in LLC tumors. Small-animal PET imaging of Calu-6
tumors allowed visualization of tumors above background tissue,
with mean baseline uptake of 2.2 %ID/g. Paclitaxel therapy re-
duced the microvessel density in LLC tumor–bearing mice and
resulted in significantly reduced 18F-AH111585 tumor uptake
(P , 0.05). ZD4190 therapy resulted in a significant (31.8%) de-
crease in 18F-AH111585 uptake in Calu-6 tumors, compared
with the vehicle control–treated Calu-6 tumors, which had a
26.9% increase in 18F-AH111585 uptake over the same period
(P , 0.01). Conclusion: 18F-AH111585 is a promising 18F-labeled
RGD tracer that offers a new approach to noninvasively image tu-
mor vasculature. This tracer may reveal important information in
the assessment of the impact of antitumor therapies, in particular
those that predominantly target tumor blood vessels.
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Several novel therapeutic strategies being examined
clinically aim to modify tumor vasculature function, growth,
and survival (1). These include the inhibition of vascular
endothelial growth factor-A (VEGF) signaling (1) (a key
regulator of tumor angiogenesis, vascular permeability, and
neovascular survival), use of vascular disrupting agents
(VDAs) such as the tubulin-depolymerising agent combre-
tastatin A-4 (2), or examination of low-dose cytotoxic
chemotherapy (3). To monitor the effect of VEGF-signaling
inhibitors or VDAs, MRI and CT scans, and in particular
dynamic contrast-enhanced MRI and CT, have been used
successfully to provide evidence of an effect on tumor blood
flow, blood volume, and permeability (4,5). However, an
obvious current limitation to being able to understand the full
activity of approaches that target the tumor vasculature is the
lack of a noninvasive imaging method to quantify changes in
tumor vascularity in patients with cancer (6). This may
become of greater importance as alternative (i.e., non-VEGF
or -VDA) therapies progress clinically (1), because these
may have more subtle and less-predictable acute effects on
tumor hemodynamics.

The purpose of this work was to assess preclinically the
potential of a PET tracer (18F-AH111585) currently in an
early clinical trial. 18F-AH111585 is an 18F-radiolabeled
small peptide containing an Arg-Gly-Asp (RGD) sequence,
with binding affinities to avb3, avb5, and aiibb3 integrins
determined to be 11, 0.1, and 281 nM, respectively (7),
indicating that the product has retained selective binding
affinity to the receptors, compared with the original peptide
sequence.

Integrins are composed of a family of heterodimeric
glycoproteins involved in cell–cell and cell–matrix interac-
tions (8). They consist of a and b subunits that form
noncovalent ab heterodimers (9) and are the major receptors
by which cells attach to the extracellular matrix. The avb3

integrin, which is preferentially expressed on proliferating
endothelial cells associated with neovascularization in both
malignant tumors and normal tissue, but not in quiescent
blood vessels (10,11), has been identified as a target for
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imaging neovasculature. Others have shown previously (12–
14) that RGD peptides can serve as a targeting biomolecule to
carry a range of radionuclides (e.g., 18F, 99mTc, and 64Cu) to
the avb3 integrin. Thus, targeting the avb3 integrin receptor
with 18F-AH111585 could provide us with a tool to examine
the effect of vascular-modulation therapies directly, without
having to rely on consequential changes in blood perfusion
and permeability. A method to analyze the effect of vascular-
modulation therapies directly may be particularly pertinent
to examining therapies that specifically target the tumor
vasculature, given that their activity may not lead to a
substantial tumor mass or volume reduction, particularly
soon after therapy (15,16). Hence, conventional measure-
ments of response may be insensitive or markedly delayed
even when there is a significant therapeutic effect. Direct
clinical imaging of tumor neovasculature could, therefore,
provide the opportunity to optimize dose selection during
early examination of a novel antivascular therapy.

The initial aim of this work was to determine the
biodistribution of 18F-AH111585 in tumor-bearing mice to
establish the suitability of 18F-AH111585 as an imaging
agent for tumor vasculature. Subsequently, the effect of
treatment with either low-dose paclitaxel or ZD4190, a small
molecular VEGF receptor-2 (VEGFR-2) tyrosine kinase
inhibitor (17), was examined using 18F-AH111585 and
small-animal PET imaging.

MATERIALS AND METHODS

Radiochemistry
The chemical synthesis of the precursor for 18F-AH111585 has

been described previously (18). Radiosynthesis was performed at
GE Healthcare, The Grove Centre. A full description of the
synthesis has been published elsewhere (19). Briefly, 18F-fluoride
was azeotropically dried in the presence of Kryptofix (K222;
Merck) (11 mg in 1.0 mL of acetonitrile) and potassium carbonate
(1.4 mg in 1 mL of acetonitrile) by heating under a flow of
nitrogen, followed by a vacuum for 15 min. Care was taken
to ensure that all traces of acetonitrile were removed. The K222/
K1/F2 complex was cooled to less than 40�C, and AH111360
(3 mg in 1 mL of dimethyl sulfoxide) was added. The reaction vessel
was sealed and heated to 90�C for 15 min to effect radiolabeling.
The crude 18F-p-fluorobenzaldeyde solution was then cooled to
room temperature, diluted with water, and passed through a C18
solid-phase extraction cartridge in which 18F-p-fluorobenzaldeyde
was retained and excess precursor, K222, dimethyl sulfoxide, and hy-
drophilic by-products were eluted to waste. 18F-p-fluorobenzaldeyde
was subsequently recovered in acetonitrile for conjugation with
peptide. The peptide (AH111695) was dissolved in 0.1 M phos-
phate/citrate solution (pH 2.5; 1.0 mL) and combined with the purified
18F-p-fluorobenzaldeyde solution in the reaction vessel. The vessel
was sealed and heated to 70�C for 15 min to effect conjugation.
After we cooled the crude conjugate to room temperature, it was
purified by preparative high-performance liquid chromatography.
The product fraction was formulated with phosphate-buffered
saline (pH 7).

The radiochemical purity of the injectate determined by high-
performance liquid chromatography was greater than 95%.

Preparation of Tumor-Bearing Mice
All animal studies were approved by and performed in compliance

with the U.K. Home Office guidelines. Two types of tumor models
were used for the in vivo biodistribution and imaging studies, both
with known low levels of tumor-cell avb3 expression. Lewis lung
carcinoma (LLC) cells (American Type Culture Collection) derived
from mouse lung cancer were maintained in Dulbecco’s modified
Eagle medium (Sigma-Aldrich). Calu-6 cells (American Type Cul-
ture Collection) derived from a human lung carcinoma were main-
tained in Dulbecco’s modified Eagle medium with 1% sodium
pyruvate (100 mM) and 1% nonessential amino acids. Each medium
was supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
100 units of penicillin per milliliter, and 100 mg of streptomycin per
liter and incubated at 37�C in 5% carbon dioxide. LLC tumors were
grown in male C57BL/6 mice, and Calu-6 tumors in male CD-1 nude
mice (both mouse strains, ;20 g; Charles River U.K. Ltd.), by
subcutaneous injection of 106 tumor cells into the inner right thigh
(LLC) or interscapular region (Calu-6). Biodistribution and imaging
studies were performed at days 15 and 25 after inoculation of LLC
and Calu-6 tumor cells, respectively.

Biodistribution Studies
We first investigated the biodistribution of 18F-AH111585 in

mice bearing LLC tumors. Mice received 1.0 MBq of 18F-
AH111585 as an intravenous bolus via the tail vein and were
humanely sacrificed at 5, 10, 30, 60, 120, and 240 min after
injection. Blood, tumor, and major organs were collected, weighed,
and counted in a g-counter (Wallac Wizard; Perkin Elmer LAS
Ltd.). The percentage of injected dose per gram (%ID/g) or
percentage of injected dose (%ID) was determined for each sample.

Small-Animal PET and micro-CT Imaging of Calu-6
Tumor–Bearing Mice

Calu-6 tumor–bearing mice were used for small-animal PET
imaging, which was performed on a microPET-P4 system (Siemens
Inc.). Images were generated from 3-dimensional sinogram data,
rebinned to 2-dimensional format by the Fourier rebinning algo-
rithm, followed by 2-dimensional filtered backprojection. For
imaging studies, the animal model described above was used,
followed by injection of 5.0 MBq of 18F-AH111585 as a bolus via
the tail vein. Imaging was performed dynamically at 120 min after
injection for 10 min, with the animal anesthetized via inhaled
isoflurane. The microPET scanner was calibrated in terms of
absolute activity concentration (kBq/cm3) by imaging a phantom
approximating the dimensions of a mouse body and filled with a
known concentration of 18F. Ten minutes before the beginning of the
CT image acquisition, each mouse received an intravenous bolus of
iohexol (0.1 mL) (Omnipaque; GE Healthcare) to improve tumor
contrast. Imaging was performed using the microCAT II system
(Siemens Inc.), with manufacturer-recommended settings—360�
total rotation; 400-ms exposure time, with the camera set at 70 kVp
with 500 mA; and binning set at 4 · 4, to give a resolution of 200
mm—giving a total radiation dose within safe exposure limits (20).
Images were reconstructed using the image reconstruction, visual-
ization, and analysis program supplied by the manufacturer. Small-
animal PET and CT data were analyzed by using Amide software
(http://amide.sourceforge.net). Imaging data are expressed as
%ID/g.

Paclitaxel and ZD4190 Treatment
The effect of treatment on the tumor uptake of 18F-AH111585

was investigated by submitting LLC tumor–bearing C57BL/6 mice
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to paclitaxel therapy and Calu-6 tumor–bearing CD-1 nude mice to
ZD4190 therapy. Intraperitoneal paclitaxel (Sigma Aldrich) therapy
was initiated 7 d after LLC tumor induction, with the administration
of paclitaxel. Paclitaxel was dissolved in dimethylsulfoxide and
injected (100 mL) into mice (n 5 6) at 5 or 10 mg/kg intraperito-
neally. On the same days, control animals received an injection of
vehicle alone that did not contain any paclitaxel. Paclitaxel was
further administered on the subsequent 3 days (with appropriate
vehicle control). Paclitaxel was well tolerated, with no significant
effects on animal health observed. Groups were housed separately
under the same conditions throughout. Five days after the final
round of paclitaxel therapy, the mice received a coinjection of
18F-AH111585 (1.0 MBq) and 14C-FDG (1.0 MBq) (American Radio-
labeled Chemicals, Inc.) and were sacrificed 120 min after injection.
Tumors were dissected, weighed, and assayed for radioactivity.

ZD4190 was administered orally to mice bearing Calu-6 tumors
inoculated 23 d before ZD4190 administration (n 5 10) at 100 mg/kg
after the day 0 baseline small-animal PET imaging and recovery
from isoflurane anesthesia. Similarly, control animals (n 5 5)
received the vehicle alone. ZD4190 was administered again on 2
further consecutive days (with appropriate vehicle control). Groups
were housed separately under the same conditions throughout. Two
hours after the final dose of ZD4190 or vehicle control, animals were
injected with an intravenous bolus of 18F-AH111585 (5.0 MBq),
housed individually in metabolism cages, and euthanized 120 min
after injection. Each animal was then reimaged on the small-animal
PETand micro-CT cameras. During the experimental period, tumor
size was assessed via external caliper measurements. For both LLC
and Calu-6 tumors, tumor size remained comparable (P . 0.05)
over the duration of paclitaxel or ZD4190 treatment, respectively.

Microvascular Density (MVD) Measurement
Briefly, after the mice were euthanized, tumors were immediately

excised and placed in a neutral buffered formalin or zinc fixative.
After histologic processing, 4-mm slices from LLC tumors were
analyzed for MVD, which was calculated as the highest MVD
(h-MVD). For h-MVD, the 3 highest areas of vascularity across the
whole tumor were selected on the basis of visual examination, and
the numbers of angiogenic vessels were counted in each field of
view. The h-MVD was selected and expressed as MVD/mm2. The
MVD of Calu-6 tumors was quantified using a different method
from the one used to assess the LLC tumors, as described previously
(21). Briefly, tumor specimens fixed in zinc fixative (PharMingen)
were stained for CD31 using a chromagen endpoint and analyzed in
a masked manner to treatment assignment using a KS400 instrument
(Imaging Associates). MVD was calculated as the CD31-positive
vessel number per 5,000-mm2 viable tumor area in each tumor
section.

Data Analysis
All experimental data were analyzed using an unpaired 2-tailed

t test with software (GraphPad Prism, version 4.00 for Windows;
GraphPad Software Inc.). P values of less than 0.05 were considered
significant.

RESULTS

LLC Biodistribution Studies

Biodistribution data on 18F-AH111585 in LLC tumor–
bearing C57BL/6 mice are summarized in Table 1 and
Figure 1.

In the LLC tumor model, 18F-AH111585 has rapid tumor
uptake (2.7 6 0.53 %ID/g at 5 min after injection) and rapid
background clearance (blood, skeletal muscle, lung, and liver
assessed). Tumor uptake peaked 10 min after injection, with
3.1 6 0.68 %ID/g. Retention within the tumor was 55% of the
compound delivered 2 h after injection, with 1.49 6 0.32
%ID/g of 18F-AH111585 remaining. No retention was ob-
served in any other organ. Baseline Calu-6 tumor uptake of
18F-AH111585 was equivalent to that seen with the LLC
(data not shown).

Figure 1B shows the LLC tumor–to–tissue ratios obtained
over time with 18F-AH111585. The data demonstrate that
because of the rapid clearance characteristics of 18F-
AH111585 from the blood and other background tissues,
biodistribution ratios above 1.5 (blood and muscle) were
achieved 30 min after injection. Further improvements in
the LLC tumor–to–key organ ratios were obtained by
delaying dissection until 240 min after injection. As ex-
pected, the majority of activity (69.7 6 3.6 %ID) was
excreted via the kidneys and urine by 120 min, with 15.0 6

2.6 %ID excreted via the gastrointestinal tract (Fig. 1C).
The absence of an increase in gastrointestinal tract activity
over time indicates that 18F-AH111585 does not undergo
significant biliary excretion.

Effect of Paclitaxel Therapy on 18F-AH111585 Uptake
18F-AH111585 was coinjected with 14C-FDG to obtain a

direct comparison between the 2 imaging agents in the same
LLC tumor–bearing animal. The data demonstrate that the
LLC uptake of 18F-AH111585 was decreased from 1.71 6

0.33 %ID/g to 1.17 6 0.21 %ID/g for the 5 mg/kg group (not
statistically significant at the P 5 0.082 level using Student
t test) and significantly decreased (P , 0.05) to 1.11 6

0.11 %ID/g for the 10 mg/kg group (Fig. 2). In tumors of
equivalent weight, this is a decrease in uptake of 35% at the
highest dose level, compared with the control. The data for
14C-FDG uptake demonstrate no change in uptake at the 5
and 10 mg/kg dose levels, compared with the control (5.12 6

0.85 %ID/g, 5.45 6 0.55 %ID/g, and 5.64 6 1.32 %ID/g for
control, 5 mg/kg, and 10 mg/kg groups, respectively). In
paclitaxel-treated LLC tumors, h-MVD/mm2 decreased non-
significantly to 128 6 24 and 111 6 52 for the 5 and 10 mg/kg
dose levels of paclitaxel, respectively, compared with the
vehicle control–treated tumors (161 6 107 h-MVD/mm2).

Effect of ZD4190 Therapy on 18F-AH111585 Uptake

Small-animal PET and micro-CT imaging data were
acquired before and after 3 doses (100 mg/kg) of ZD4190
or the vehicle control. As can be seen in Figure 3, the uptake
of 18F-AH111585 in Calu-6 tumors was reduced significantly
with 3 doses of ZD4190, with an average reduction in the
%ID/g across the 10 animals examined of 31.8% 6 4.6%
(calculated from imaging region-of-interest [ROI] data).

Skeletal muscle was used as a reference tissue for ROI
analysis, and the data demonstrate that muscle uptake was
maintained before and after therapy, indicating that the tumor
decrease seen with ZD4190 therapy was specific. Compar-
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ison with the vehicle control animals demonstrates that over
the same 3-d dosing period, the Calu-6 tumor uptake of 18F-
AH111585 increased from the pre- to the posttreatment
image, with an average increase of 26.9% 6 9.4%. Statistical
analysis of the treated and control groups demonstrated a
clear difference at the P , 0.01 level (determined via t test).

After the final imaging study, selected tissues were dis-
sected, well counted, and assessed for MVD. These data
demonstrated a reduced uptake of 18F-AH111585 into Calu-6
tumors of 2.1 6 0.1 %ID/g, compared with the vehicle
control–treated Calu-6 tumor uptake of 2.4 6 0.8 %ID/g
(a decrease of 13%). MVD analysis of Calu-6 tumors dem-
onstrated an equivalent (P . 0.05) level of vascularity after 3
doses of ZD4190 or vehicle control (0.06 6 0.05 and 0.05 6

0.04 MVD/5 mm2, respectively). During the experimental
period, tumor size was maintained in both the control and the
ZD4190-treated groups.

Figure 4 shows representative fused small-animal PETand
micro-CT images for ZD4190-treated and vehicle control
animals. The before and after images show decreased 18F-

AH111585 uptake (with ZD4190 therapy) and increased 18F-
AH111585 uptake (with vehicle control) before and after
therapy.

DISCUSSION

Previously, quantification of tumor vasculature has been
assessed in surgical specimens or preclinical samples using
immunohistochemistry. However, such assays are impracti-
cal in clinical trials not only because of potential variability in
the measurement of MVD (depending on the choice of
marker [e.g., CD31 or CD105] or endpoint [e.g., Chalkey
counts, whole-tumor image analysis, or hot-spot analysis]
(16)) but also because of the ethical and physical limitations
of serial invasive procedures. In addition, the inherent ana-
tomic and physiologic heterogeneity of tumors, which is
likely to require that multiple samples be taken at any given
time (22), make such assays impractical in clinical trials.
Clearly, a noninvasive method for assessing tumor vascular-
ity could obviate these technical challenges.

TABLE 1. Biodistribution of 18F-AH111585 in Mouse LLC Model

Biodistribution (%ID/g)Time

(min after injection) Blood Muscle Lung Liver Tumor

5 6.35 (2.34) 1.78 (0.57) 6.54 (1.71) 6.01 (1.03) 2.69 (0.53)

10 6.56 (1.92) 1.66 (0.14) 8.20 (1.71) 5.43 (1.05) 3.11 (0.68)
30 1.81 (0.53) 1.03 (0.34) 3.90 (1.41) 2.57 (0.69) 2.68 (0.47)

60 0.84 (0.39) 0.56 (0.23) 2.12 (0.90) 1.48 (0.65) 1.84 (0.45)

120 0.45 (0.13) 0.27 (0.07) 1.17 (0.28) 0.89 (0.29) 1.49 (0.32)

240 0.07 (0.02) 0.05 (0.01) 0.27 (0.09) 0.17 (0.02) 0.40 (0.05)

Data are mean 6 SD of %ID/g; n 5 6 per time point.

FIGURE 1. (A) Biodistribution and
clearance profile of 18F-AH111585. (B)
Key tumor–to–background-tissue ra-
tios of 18F-AH111585; values are ex-
pressed as ratio of tumor %ID/g to
background tissue %ID/g. (C) Excre-
tion profile of 18F-AH111585 in mouse
LLC model up to 240 min after injec-
tion. Values are expressed as %ID/g
or %ID and presented as mean (6SD)
of 5 experiments (n 5 6).
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In this study, we present a preclinical assessment of a
novel cyclic RGD-based radioligand for avb3/avb5, 18F-
AH111585, an analog of a peptide pharmacophore isolated
from a phage-display library (23). The original peptide
sequence (RGD-4C) was optimized extensively to improve

in vivo stability and increase plasma half-life (18) while
maintaining high affinity for avb3/avb5: the observed Ki

for the cold compound (AH111585) was calculated to be
10.2 nM in competition with radioactive 125I-echistatin, an
RGD-containing peptide isolated from snake venom.

Biodistribution studies for 18F-AH111585 revealed favor-
able in vivo pharmacokinetic properties, with significant
levels of receptor-specific tumor uptake determined via cold-
peptide blocking studies (data not shown). In addition,
imaging results demonstrated high contrast visualization of
Calu-6 tumors, both with and without ZD4190 therapy.
Although several groups have developed radiolabeled RGD
compounds that have shown promise in terms of tumor
uptake and tumor-to-background ratios (12,24,25), relatively
little attention has been focused on the ability of these
radiotracers to monitor the response of tumors to therapies
that target the vasculature, the most likely clinical use of
these imaging agents. One exception is the work by Jung et al.
(26), who have demonstrated that paclitaxel therapy (an
antimicrotubule agent commonly used in the treatment of
breast and non–small cell lung cancer (27)) resulted in a
decreased LLC uptake of a 99mTc-labeled glucosamino
RGD-containing peptide. The authors stated that these data
support the use of the radiolabeled RGD peptide for moni-
toring response to antiangiogenic therapy. In our study,
paclitaxel was used at lower doses than those used by Jung
et al.; animals were dosed at 5 and 10 mg/kg. At these low
doses, paclitaxel is reported to cause an antiangiogenic effect
without significant tumor shrinkage (28). Our data show that
18F-AH111585 detects changes in the level of tumor angio-
genesis as determined by MVD analysis.

We coinjected 14C-FDG with 18F-AH111585after paclitaxel
therapy to compare data with the results of 18F-AH111585
alone and generate data with an imaging agent radiolabeled
with 18F that is used extensively in the clinic for tumor imaging
(29). 18F-AH111585 tumor uptake was more sensitive to
paclitaxel therapy, because a reduction in uptake was seen,
whereas 14C-FDG uptake remained unchanged. The reduction
in 18F-AH111585 uptake was matched by a decrease in the
tumor h-MVD: with low-dose paclitaxel, a 20% decrease in
MVD was detected when compared with a separate group of
vehicle control–treated LLC tumors. This finding demonstrates
that 18F-AH111585 is able to detect vascular changes that
occur through the use of paclitaxel.

That 18F-AH111585 is able to target neovasculature via the
avb3/avb5 receptors expressed on endothelial cells is sup-
ported by the work of Pasqualini et al., who demonstrated that
tumor vessels were the structural elements most targeted
by the RGD sequence (30). However, the predominantly
high expression of integrins on endothelial cells, compared
with tumor cells, is not necessarily a feature of all tumors;
metastatic melanoma, for instance, has high expression of the
receptor. In a study by Beer et al., who imaged melanoma by
18F-galacto-RGD, expression of the avb3 integrin was higher
on tumor cells than on tumor vasculature (31). This high avb3

expression on tumor cell lines has also been confirmed pre-

FIGURE 3. (A) Inhibition of 18F-AH111585 uptake in Calu-6
tumors in nude mice before and after treatment with 3 doses
of ZD4190 (100 mg/kg) or vehicle control. Values are
expressed in %ID/g and presented as individual data. (B)
Summarized data demonstrate percentage change in up-
take of 18F-AH111585 in Calu-6–tumored CD-1 nude mice
before and after treatment with 3 doses of ZD4190 (100 mg/
kg) or vehicle control. Data are presented for individual
animals. *P , 0.01, compared with vehicle control group.

FIGURE 2. Inhibition of 18F-AH111585 uptake by low-dose
paclitaxel (5 and 10 mg/kg) therapy in the mouse LLC model
(120 min after injection of 18F-AH111585, day 15 after LLC cell
inoculation). At the same paclitaxel dose level, no effect was
observed on 14C-FDG uptake. Values are expressed in %ID/g
and presented as mean (6SD) of 2 experiments (n 5 4). *P ,

0.05, compared with the corresponding control group.
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clinically, using tumor cell lines such as melanoma (M21) and
glioblastomas (U87MG) (32). However, the LLC and Calu-6
cells used in the studies reported here are known to have low
avb3 expression, as determined by invitro binding studies (26)
for LLC and by fluorescence-activated cell sorter analysis
(data not shown) for both LLC and Calu-6 cells. Therefore, we
can speculate that the uptake of 18F-AH111585 seen in vivo
in these models is predominately related to endothelial cell
avb3 and avb5 expression.

However, a potential limitation of targeting avb3 and avb5

integrins is that the distinction between tumors and inflam-
mation might be impaired. For example, it has been reported
that in patients with pigmented villonodular synovitis the
uptake of 18F-galacto-RGD in inflammatory lesions can be
intense and similar to the uptake observed in malignancies
(33). This might be a shortcoming of ours and others’
approaches with RGD-based tracers, which, like 18F-FDG,
can show high uptake in inflammatory cells (34).

Calu-6 small-animal PET images showed high activity in
the bladder, indicating that 18F-AH111585 is excreted
mainly via the kidneys into the urine. Biodistribution data
confirmed this finding, with greater than 75 %ID being
excreted via the urine 4 h after injection of 18F-AH111585.

MVD analysis of Calu-6 tumors at the end of study
demonstrated an equivalent level of vascularity after 3 doses
of ZD4190 or vehicle control, which is consistent with the
equivalent uptake of 18F-AH111585 after treatment in
ZD4190 and control groups. This equivalence may be due,
in part, to the higher initial uptake of 18F-AH111585 in
several tumors in the ZD4190 group than in the control group.
When intraanimal pre- and posttreatment values were ana-
lyzed, a significant reduction (32%; P , 0.01) in 18F-
AH111585 uptake was evident in Calu-6 tumors from mice
treated for 3 d with ZD4190. In contrast, a 27% increase in

18F-AH111585 uptake (P , 0.01) was observed in Calu-6
tumors from animals treated with vehicle over the same
period. This change in uptake is consistent with the activity of
ZD4190 against VEGFR-2 tyrosine kinase; other inhibitors
of this receptor tyrosine kinase have been shown to reduce
tumor vascular density after relatively acute treatment (35).

These data demonstrate the value of longitudinal PET,
because the uptake of 18F-AH111585 can be easily followed
over time in individual animals before and after therapy, in
contrast to MVD analysis (16).

CONCLUSION

The data presented in this article demonstrate that
18F-AH111585 is a promising 18F-labeled RGD tracer, with
favorable biodistribution properties that allow the noninva-
sive assessment of tumor vascularity and response to treatments
that affect the tumor vascular compartment. Preliminary
clinical studies with 18F-AH111585 have already proven that
this radioligand has a suitable biodistribution and dosimetry
profile (36) and can successfully image metastatic breast
cancer lesions (7): 7 patients with a total of 18 tumors
detectable on CTwere imaged with 18F-AH111585 PET, and
all tumors were visible.

Consequently, this agent may be used to quantify tumor
vasculature and, when used alone or in combination with
additional functional imaging modalities, should enhance
our mechanistic understanding of how novel therapeutic
strategies impact on tumors.
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FIGURE 4. Representative coregis-
tered small-animal PET and micro-CT
images demonstrating 18F-AH111585
uptake at 120 min in Calu-6 xenograft
model before (A) and after (B) admin-
istration of 3 doses of vehicle control
or before (C) and after (D) 3 doses of
ZD4190 (100 mg/kg). Contrast is
clearly seen in Calu-6 tumors located
on left shoulder region in both
ZD4190-treated and vehicle control
animals. The only additional higher
activity concentration was found in
bladder. In addition, 22Na fiducial
markers can be seen located on base
of imaging bed (used for PET/CT
coregistration). ROI analysis for tumor
uptake before ZD4190 therapy was
1.7 %ID/g, decreasing to 1.1 %ID/g
after ZD4190 therapy. Muscle uptake
was maintained at 0.5 %ID/g in pre-
and post-ZD4190–therapy images. For

animals treated with vehicle control alone, ROI analysis for tumor uptake before vehicle control was 2.1 %ID/g, increasing to 2.5
%ID/g after therapy. Muscle uptake was maintained at 0.3 %ID/g in pre- and posttherapy images.
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Constantinou for supplying 18F-AH111585, and Julian Goggi
for helping with image analysis. We also thank Lyndsey
Hanson and Alison Bigley for performing CD31 analysis in
Calu-6 tumors.
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