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Arginine-glycine-aspartate (RGD)-binding aVb3-integrin and
aVb5-integrin play key roles in tumor angiogenesis. We exam-
ined an 18F-labeled small peptide (fluciclatide [United States
Adopted Name (ASAN)–approved, International Nonproprietary
Name (INN)–proposed name], previously referred to as AH111585)
containing an RGD sequence. Fluciclatide binds with a high (nM)
affinity to aVb3-integrin and aVb5-integrin, which are highly ex-
pressed on tumors and the tumor neovasculature. In this study,
18F-fluciclatide was used to examine the response of human
glioblastoma xenografts to treatment with the antiangiogenic
agent sunitinib. Methods: U87-MG tumor uptake of 18F-fluci-
clatide was determined by small-animal PET after longitudinal
administration of the antiangiogenic agent sunitinib (a 2-wk
dosing regimen). Tumor sizes were measured throughout the
study, and tumor volumes were calculated. Tumor microvessel
density (MVD) after therapy was also analyzed. Results: Dynamic
small-animal PET of 18F-fluciclatide uptake after administration of
the clinically relevant antiangiogenic agent sunitinib revealed a
reduction in the tumor uptake of 18F-fluciclatide compared with
that in vehicle-treated controls over the 2-wk dosing regimen.
Skeletal muscle, used as a reference tissue, showed equivalent
18F-fluciclatide uptake in both therapy and control groups. A
reduction in tumor MVD was also observed after treatment with
the antiangiogenic agent. No significant changes in tumor vol-
ume were observed in the 2 groups. Conclusion: The data
demonstrated that 18F-fluciclatide detected changes in tumor
uptake after acute antiangiogenic therapy markedly earlier than
any significant volumetric changes were observable. These
results suggest that this imaging agent may provide clinically
important information for guiding patient care and monitoring
the response to antiangiogenic therapy.

Key Words: 18F-fluciclatide; sunitinib; PET; aVb3-integrin; RGD
peptide

J Nucl Med 2011; 52:424–430
DOI: 10.2967/jnumed.110.077479

Integrins are a family of cell adhesion molecules consist-
ing of 2 noncovalently bound transmembrane subunits, a
and b, that form heterodimers with distinct adhesive capa-
bilities (1). In mammals, 18 a and 8 b subunits assemble
into 24 different receptors. Integrins play important roles in
several pathologic processes, such as inflammation, fibro-
sis, tumor metastasis, and angiogenesis (2,3).

Angiogenesis, the process of forming new blood vessels
from existing vessels (4), is central to normal biologic pro-
cesses, such as embryogenesis, tissue remodeling, inflamma-
tion, and wound healing, and is present in numerous disease
states, including rheumatoid arthritis, psoriasis, restenosis,
diabetic retinopathy, and tumor growth (5–7). The interest
in angiogenesis research has been fueled by the potential to
develop antiangiogenic drugs as novel therapeutic agents for
targeting tumors and several nononcologic diseases.

aVb3-integrin and aVb5-integrin act as receptors for a
variety of proteins expressing the exposed arginine-glycine-
aspartate (RGD) tripeptide sequence, such as vitronectin,
fibronectin, fibrinogen, laminin, collagen, Von Willebrand
factor, osteoponin, and adenovirus particles (2,8–11). aVb3-
integrin and aVb5-integrin are expressed at low levels on
epithelial cells and mature endothelial cells but are ex-
pressed at high levels on activated endothelial cells in the
neovasculature of a range of tumors, including osteosarco-
mas, neuroblastomas, glioblastomas, melanomas, lung carci-
nomas, and breast cancer (2,12). Additionally, the expression
of aVb3-integrin and aVb5-integrin correlates well with
tumor progression and the invasiveness of several tumors,
such as melanomas, gliomas, neuroblastomas, and ovarian
and breast cancers (13–15).

Others have shown that RGD peptides can serve as
targeting biomolecules for carrying a range of radionuclides
(e.g., 18F, 99mTc, and 64Cu) to RGD-binding integrins (such
as aVb3-integrin) that are upregulated in cancer (16–21).
The PET tracer 18F-fluciclatide is an 18F-radiolabeled small
peptide containing the RGD sequence. 18F-fluciclatide is
currently being developed as a radiotracer for the imaging
of angiogenesis in tumors. 18F-fluciclatide binds with a high
affinity to RGD-binding aVb3-integrin and aVb5-integrin
(22), which are upregulated during angiogenesis. Therefore,
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the uptake of 18F-fluciclatide can be used to monitor the
response of tumors to antiangiogenic drugs, such as suniti-
nib (Sutent; Pfizer Inc.).
At present, contrast-enhanced MRI and CT are com-

monly used to assess changes in tumor blood flow,
permeability, and volume as a response to antiangiogenic
therapies. However, these modalities provide a limited
understanding of the full effects of targeting the tumor
vasculature. The development of noninvasive imaging
methods with radiolabeled tracers, such as 18F-fluciclatide,
would provide a means of determining quantitative changes
in the tumor vasculature in patients with cancer.
The tracer 18F-fluciclatide has the advantage of specific

targeting of aVb3-integrin and aVb5-integrin in tumor
angiogenesis. Other tracers, including 124I-VG76e, 64Cu-
DOTA-VEGF121, and 64Cu-single-chain (sc)VEGF (as
markers for vascular endothelial growth factor [VEGF] or
VEGF receptors [VEGFRs] in tumor angiogenesis) as well
as 18F-NC100717, 11C-NC100717, and 18F-galacto-RGD
(as aVb3-integrin and aVb5-integrin markers), have been
developed and evaluated, but their advancement clinically
has been limited (23,24). VEGF-targeted tracers have been
used to determine the effects of therapies that inhibit or
disrupt the vasculature within a tumor. The development of
18F-fluciclatide may provide a means to examine the effects
of vasculature-modulating therapies directly, without the
reliance on consequential changes in blood perfusion and
permeability within a tumor, especially with the progression
of alternative (non-VEGF) therapies clinically.
The purpose of the present study was to longitudinally

assess the effects of repeated administration of sunitinib, an
antiangiogenic receptor tyrosine kinase inhibitor (25–27),
on the uptake of 18F-fluciclatide in glioblastoma xenograft
tumor–bearing mice.

MATERIALS AND METHODS

Radiochemistry
The chemical synthesis of the precursor for 18F-fluciclatide was

described previously (28). Radiosynthesis was performed at GE
Healthcare. A full description of the synthesis was published else-
where (29). In brief, 18F-fluoride was azeotropically dried in the
presence of Kryptofix (K222; Merck) (11 mg in 1.0 mL of aceto-
nitrile) and potassium carbonate (1.4 mg in 1 mL of acetonitrile)
by heating under a flow of nitrogen and placement in 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 4-trimethylammoniumbenzaldehyde (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 p-18F-
fluorobenzaldehyde solution was cooled to room temperature,
diluted with water, and passed through a solid-phase extraction
cartridge; p-18F-fluorobenzaldehyde was retained, and excess pre-
cursor, K222, dimethyl sulfoxide, and hydrophilic by-products
were eluted to waste. p-18F-fluorobenzaldehyde was subsequently
recovered in ethanol for conjugation with peptide.

The peptide precursor (5 mg of free-base–equivalent
AH111695 [GE Healthcare], the RGD peptide with amino-oxy

functionality (29)) was dissolved in 0.1 M phosphate/citrate
solution (pH 2.5; 1.0 mL), and this solution was combined with
the purified p-18F-fluorobenzaldehyde solution in a reaction ves-
sel. The vessel was sealed and heated to 70�C for 15 min to
effect conjugation. After the crude conjugate was cooled to
room temperature, it was purified by preparative high-perform-
ance liquid chromatography (Viva C4 [Restek]; 5 mm, 100 · 4.6
mm; 0.1% H3PO4:ethanol 75:25; 3 mL/min; retention time: 10–
11 min). The product fraction was formulated with phosphate-
buffered saline (pH 7) and p-aminobenzoate as a radiostabilizer.
The specific activity of the product was in the range of 1,800–
1,900 GBq/mmol at the end of synthesis.

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. U87-MG cells
(catalog no. HTB-14; American Type Culture Collection) were
grown in McCoy 5a medium (M8403; Sigma-Aldrich) supple-
mented with 10% fetal bovine serum. Cells were passaged twice
per week, at 70%–80% confluence, and incubated in 5% CO2 at
37�C. Male CD-1 nude mice (;20 g; Charles River U.K. Ltd.)
were injected subcutaneously in the nape of the neck with a sus-
pension of 106 U87-MG cells. Tumors were allowed to develop for
approximately 3 wk (100–200 mm3) before the dosing regimen
was begun.

Dosing Regimen
At 3 wk after inoculation of U87-MG tumor cells, the mice

were divided into 2 treatment groups. One group received
sunitinib (0.2-mL volume containing ;1.2 mg of free base) at a
dose of 60 mg/kg by oral gavage; the second group received oral
administrations of the vehicle alone (water containing hydro-
chloric acid [at a molar ratio of 1:1.02], 0.5% polysorbate, 10%
polyethylene glycol, and sodium hydroxide [to adjust the pH to
between pH 3.3 and pH 3.7]). The tumor-bearing animals were
treated with sunitinib or the vehicle alone on a 5-day-on, 2-day-off
treatment cycle previously described by de Bouard et al. (26).
Sunitinib was well tolerated; no significant effects on animal
health were observed.

Small-Animal PET and micro-CT
Small-animal PET was performed with a microPET-P4 system

(Siemens Inc.). Images were generated from sinogram data and
rebinned to a 2-dimensional format by use of the Fourier rebinning
algorithm and 2-dimensional filtered backprojection. The small-
animal PET scanner was calibrated in terms of absolute activity
concentration (kBq/cm3) by imaging of a phantom approximating
the dimensions of a mouse body and filled with a known concen-
tration of 18F-fluoride.

The U87-MG xenograft model animals were imaged by use of
the small-animal PET camera with either a “dynamic” (0–90 min
after injection) or a “static” (70–90 min after injection) imaging
protocol to quantify tumor and reference tissue uptake of 18F-
fluciclatide. Animals imaged with the dynamic imaging protocol
were anesthetized with isoflurane anesthetic (maintained at a 2%
alveolar concentration) and placed on a flat imaging bed routinely
used for PET studies. A transmission scan was obtained with a
57Co source before injection of the animals via a lateral tail vein
with approximately 10 MBq of 18F-fluciclatide (0.1-mL injection
containing;0.1 mg of peptide) in an injection volume of not more
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than 5 mL/kg. On injection the dynamic acquisition was com-
menced. The animals were maintained under anesthesia throughout
the imaging sequence. Both the respiration and the temperature of
the animals were monitored by use of a BioVET system (m2m Im-
aging Corporation, US).

Animals imaged with the static imaging protocol were injected
via the lateral tail vein with approximately 10 MBq of 18F-fluci-
clatide in an injection volume of not more than 5 mL/kg. The
animals were placed in a holding cage; at the appropriate time
point, the animals were anesthetized and placed on an imaging
bed. After a transmission scan was obtained, a 20-min static scan
(70–90 min after injection of 18F-fluciclatide) under anesthesia
was commenced. Once PET was complete, each animal was
scanned with a micro-CT scanner to obtain anatomic information.

CT was performed with a MicroCAT II system (Siemens Inc.)
at manufacturer-recommended settings (360� of rotation, 400-ms
exposure time, the camera set at 40 kVp and 500 mA, and binning
set at 4 · 4) to produce a resolution of 100 mm and a total
radiation dose within safe exposure limits. Images were recon-
structed with the image reconstruction, visualization, and analysis
program supplied by the manufacturer.

Small-animal PET and CT data were analyzed with Amide
software (SourceForge; http://amide.sourceforge.net). The PET
and CT images were coregistered to confirm the anatomic loca-
tions of the tumors. The uptake of radioactivity in the tumors was
determined by placement of a region of interest around the tumor
border delineated on the CT images. A region of interest was also
placed around a region of the muscle of the upper left forelimb as
well as a region of the liver to provide reference tissue values. All
imaging data are expressed as the percentage injected dose per
gram (%ID/g). Images showing tumor uptake and whole-body
uptake of radioactivity after 18F-fluciclatide administration are
presented in Figure 1.

The animals were imaged again with the same protocol on days
2, 7, 9, and 13 after initiation of the dosing regimen.

Microvessel Density (MVD) Measurement
On the final day of the study, after the acquisition of the scan,

the animals were sacrificed, and the tumors were excised and fixed
in neutral buffered formalin. The MVD of the tumors was
quantified by use of a method described by Wedge et al. (30).
Tumor specimens were fixed and stained for CD31 with a chro-
mogen endpoint and analyzed in a masked manner (i.e., without
knowledge of treatment assignment) with a KS400 instrument
(Imaging Associates). MVD was calculated as the number of
CD31-positive vessels per 5,000 mm2 of viable tumor area in each
tumor section.

RESULTS

Effect of Sunitinib on U87-MG Tumor Size

Throughout the study, the sizes of the tumors were
measured by use of calipers, and the volumes of the tumors
were calculated by use of the equation a·(b·b)/2, where a
is the longest measurement and b is the shortest measure-
ment. Figure 2 shows the average percentage change in
maximum tumor volume from the baseline value (day 0,
before sunitinib or vehicle administration) on each of the
imaging days. From, and including, the day 7 data point,
there was a trend toward a difference in tumor volumes
between the sunitinib-treated group and the vehicle-treated
group; however, because of the growth characteristics of
this tumor type, the trend was not statistically significant
at any time point (P . 0.05). Volumetric and diameter data
were confirmed with CT measurements (data not shown).

Effect of Sunitinib on U87-MG Tumor Retention
of 18F-Fluciclatide

Small-animal PET and CT data were acquired on days 0,
2, 7, 9, and 13 after initiation of the dosing regimen (Fig. 3).
The PET data showed that the level of tumor retention of
18F-fluciclatide was significantly lower (2-way ANOVA
with a post hoc Bonferroni test) in the sunitinib-treated
group than in the vehicle-treated group from day 2 after
therapy initiation onward. The level of tumor retention of
18F-fluciclatide in the sunitinib-treated group decreased
from that at day 0 (mean 6 SEM: 1.5 6 0.55 %ID/g) to
1.316 0.56 %ID/g (P, 0.05) at day 2, 1.276 0.48 %ID/g
(P , 0.05) at day 7, 1.22 6 0.53 %ID/g (P , 0.01) at day
9, and 1.12 6 0.21 %ID/g (P . 0.05) at day 13. In com-
parison, the level of tumor retention of 18F-fluciclatide in
animals treated with vehicle alone increased from that at
day 0 (1.28 6 0.34 %ID/g) to 1.46 6 0.44 %ID/g at day 2,
2.42 6 0.73 %ID/g at day 7, 1.84 6 0.64 %ID/g at day 9,
and 1.88 6 0.73 %ID/g at day 13. Overall, the change in
tumor uptake of 18F-fluciclatide from the baseline value in
sunitinib-treated animals was significantly smaller (2-way
ANOVAwith a post hoc Bonferroni test) than that in vehicle-
treated animals at 2 d (223.6% vs. 20.7%; P , 0.05; 8
sunitinib-treated animals and 7 vehicle-treated animals), 7 d
(219.6% vs. 51.2%; P , 0.05; 4 sunitinib-treated animals
and 2 vehicle-treated animals), and 9 d (220.3% vs. 46.0%;
P , 0.01; 7 sunitinib-treated animals and 8 vehicle-treated

FIGURE 1. (A) Dynamic U87-MG tumor
18F-fluciclatide distribution in sunitinib-trea-
ted animal displaying solid-core tumor.

Retention of 18F-fluciclatide was observed

throughout whole tumor; highest level of
accumulation was visible in core. (B)

Dynamic U87-MG tumor 18F-fluciclatide

uptake in vehicle-treated animal displaying

necrotic-core tumor (enlarged). Uptake and
retention of 18F-fluciclatide were limited pri-

marily to peripheral regions of tumor; little

uptake was observed in core.
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animals) after the initiation of sunitinib administration (Fig.
4). No significant differences in tumor uptake were ob-
served at day 13 after inoculation because of the presence
of necrosis in the vehicle-treated tumors, which decreased
the %ID/g significantly (Fig. 1).
Skeletal muscle was used as a reference tissue for region-

of-interest analysis, and the data demonstrated no signifi-
cant differences in muscle uptake either before or after
therapy. This result indicates that the decrease in tumor
uptake observed with sunitinib therapy was specific.

Microvessel Density Analysis

Figure 5 shows representative tumor sections taken at 13
d after the initiation of sunitinib or vehicle administration
and stained for endothelial cells with CD34 for the assess-

ment of positively stained vessels per mm2 of each section.
The level of MVD, a measurement of angiogenesis, was
significantly lower in tumors from sunitinib-treated mice
than in those from control mice at 13 d after the initiation
of therapy (39.2 6 9.6 vs. 145.1 6 17.5; P 5 0.0048; 3
sunitinib-treated animals and 5 vehicle-treated animals; Stu-
dent t test). This significant reduction in the level of MVD in
the treated mice helped to confirm the therapeutic response
of the tumors to sunitinib therapy and indicated that the
concomitant reduction in 18F-fluciclatide retention may have
been at least partially due to the reduction in vascular density.

DISCUSSION

At present, tumor vasculature is quantified both preclini-
cally and in surgical specimens by immunohistochemistry
techniques. Because of the potential variability encountered
in measuring MVD as well as the ethical and physical
limitations of serial invasive procedures, such assays are
often impractical in clinical trials (31). The inherent ana-
tomic and physiologic heterogeneity of tumors means that
multiple samples likely must be taken at any given time—
another factor making such assays impractical in clinical
trials. A noninvasive method for assessing tumor vascular-
ity could obviate these technical challenges.

Previous studies demonstrated the utility of RGD-based
radioligands for the noninvasive assessment of tumor vas-
cularity and for assessment of the efficacy of single-dose
antitumor therapy (17,19,21,32,33). However, relatively lit-
tle attention has been focused on the ability of these radio-
tracers to monitor the response of tumors to therapies that
target the vasculature longitudinally. Targeted antiangio-

FIGURE 2. Percentage change in maximum tumor volume from

baseline measurements (day 0). Level of growth of tumors in suniti-
nib-treated animals was lower than that in vehicle-treated animals from

day 7 after initiation of sunitinib administration onward; however, this

difference was not statistically significant (P . 0.05). Statistical analy-

sis was done by use of 2-way ANOVA with post hoc Bonferroni test.

FIGURE 3. Representative coregistered

small-animal PET and micro-CT images

demonstrating uptake of 18F-fluciclatide in

U87-MG tumors in 1 sunitinib-treated ani-
mal (A) and 1 control animal (B) for duration

of study. Retention of 18F-fluciclatide in

tumor (circled) of sunitinib-treated animal

decreased significantly (P , 0.05) from day
2 onward. In comparison, 18F-fluciclatide

retention in control group tumors increased

up to day 7 before decreasing slightly by
day 13. Skeletal muscle, taken as reference

tissue, showed no significant difference in
18F-fluciclatide retention between groups

on each day. Excretion of 18F-fluciclatide
was predominantly urinary (excretion via

kidneys was evident on these images).
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genic therapies are becoming more widespread clinically
and have been shown to have promise in the treatment of
highly vascularized tumors, such as glioblastomas (26). In
the present study, the ability of 18F-fluciclatide to detect
changes in tumor vascularity in tumor-bearing animals in
response to antiangiogenic therapy was assessed over a
2-wk period.
The antiangiogenic agent sunitinib is an oral, small,

molecular tyrosine kinase inhibitor that exhibits potent
antiangiogenic and antitumor activities. Sunitinib is a
rationally designed, highly bioavailable compound with
nanomolar-range potency against antiangiogenic receptor
tyrosine kinases, VEGFRs, and platelet-derived growth
factor receptors (PDGFRs) (34). Because sunitinib inhibits
both VEGFRs and PDGFRs, it simultaneously targets endo-
thelial cells, pericytes, and glioblastoma cells expressing
PDGFRs. Inhibition of receptor tyrosine kinases, VEGFRs,
and PDGFRs has both direct and indirect regulatory effects
on tumor growth, survival, and angiogenesis, consequently
leading to a reduction in vascular development and hence in
integrin expression or activation. In patients, sunitinib is
typically administered as a single agent at a dose of 50
mg daily on a 4-week-on, 2-week-off treatment schedule.

The ability to quantitatively measure 18F-fluciclatide
binding to aVb3-integrin and aVb5-integrin expressed on
both glioblastoma cells and the vasculature in response to
sunitinib therapy allows for earlier confirmation of the
response to therapy and is an early marker of tumor shrink-
age. In the present study, a significant difference (P , 0.05)
between the treated group and the control group was
observed in terms of tumor retention of 18F-fluciclatide
from day 2 after inoculation onward; in contrast, when
tumor size was assessed with calipers, a nonsignificant
trend toward decreasing tumor volumes was observed.
These data correlate well with our MVD data; that is, a
significantly lower level of MVD expression was observed
at day 13 in sunitinib-treated animals than in control ani-
mals. One limitation of the present MVD analysis was the
lack of histopathologic data from tumors at early time
points. A more complete understanding of tumor MVD at
early stages after therapy initiation would further support
the conclusion that early changes in 18F-fluciclatide reten-
tion are due to the antiangiogenic effects of sunitinib.

The data from the present study showed that using 18F-
fluciclatide retention in tumors to measure aVb3-integrin
and aVb5-integrin expression on glioblastoma cells and the
vasculature allowed for a much earlier assessment of the
response to therapy than the current standard method of meas-
uring tumor shrinkage with calipers. Furthermore, assessment
of tumor retention of 18F-fluciclatide also revealed areas of
necrosis in tumors, allowing further assessment of tumor
integrity.

Our data are in agreement with those of recently published
studies of the potential of targeting aVb3-integrin and aVb5-
integrin expression as a marker of the response to therapy.

For example, in a study by Jung et al. (32), the uptake of a
novel 99mTc-labeled glucosamino-RGD peptide was used to
monitor the response to chemotherapy with paclitaxel (an
antimicrotubule agent commonly used in the treatment of
breast and non–small cell lung cancers (35)) in LLC tumor–
bearing animals at approximately 4 wk after tumor inoc-
ulation. It was demonstrated that long-term paclitaxel
therapy resulted in decreased LLC tumor uptake of the
radiotracer, further supporting the use of the radiolabeled

FIGURE 4. Graph showing percentage change in tumor uptake of
18F-fluciclatide from baseline small-animal PET images (day 0).

Level of tumor uptake of 18F-fluciclatide in sunitinib-treated animals

was significantly lower than that in vehicle-treated animals at 2 d
(*P , 0.05), 7 d (*P , 0.05), and 9 d (***P , 0.01) after initiation of

sunitinib administration. Statistical analysis was done by use of

2-way ANOVA with post hoc Bonferroni test.

FIGURE 5. (A) Tumor MVD, measurement

of angiogenesis, was significantly lower in

tumors from sunitinib-treated mice than in
control mice at 13 d after initiation of therapy

administration (**P , 0.05). Representative

tumor sections, taken at 13 d after initiation
of sunitinib or vehicle administration (magni-

fication, ·20), were analyzed for MVD after

staining for endothelial cells with CD34.

Higher level of staining (indicating vessels
positive for CD34) was observed in tumor

section from vehicle-treated (control) animal

(B) than in tumor section from sunitinib-trea-

ted animal (C), indicative of increased vas-
cular density. Statistical analysis was done

by use of Student t test (mean 6 SEM).
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RGD peptide for monitoring the response to antiangio-
genic therapy.
In a more recent study, Dumont et al. (36) used 64Cu-

DOTA-c(RGDfK) to monitor Src family kinase (SFK)
expression in xenograft models in response to dasatinib
therapy. Here, U87-MG xenograft–bearing animals were
imaged at 72 h after dasatinib therapy. A reduction in tumor
64Cu-DOTA-c(RGDfK) uptake of between ;40% and
;60% (in a dose-dependent response to therapy) was
observed in treated animals, relative to that in control ani-
mals, with no observable differences in tumor sizes. How-
ever, the authors also found no differences in aVb3-integrin
expression between the treated group and the control group
and concluded that dasatinib therapy acted to decrease
integrin activation rather than expression, resulting in
decreased 64Cu-DOTA-c(RGDfK) binding.
The ability of 18F-fluciclatide to target the neovascula-

ture via the aVb3-integrin and aVb5-integrin receptors
expressed on endothelial cells is supported by the work of
Pasqualini et al. (37), who demonstrated that tumor vessels
were the structural elements most targeted by the RGD
sequence. However, a high level of expression of integrins
on endothelial cells, relative to that on tumor cells, is not
necessarily a feature for all tumors. Metastatic melanoma,
for instance, has a high level of receptor expression. Beer
et al. (16) demonstrated a higher level of expression of
aVb3-integrin on tumor cells than on the tumor vasculature
in patients presenting with solid tumors, including melano-
mas, and imaged with 18F-galacto-RGD. This high level of
aVb3-integrin expression on tumor cell lines was also con-
firmed preclinically with melanoma (M21) and glioblas-
toma (U87-MG) tumor cell lines (38). Further support is
provided by the work of Zhang et al. (39), in which aVb3-
integrin receptors on the cell surface were measured and
quantified (by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis and autoradiography) and shown to be
highly expressed on both U87-MG tumor cells and acti-
vated endothelial cells (compared with other tumor cell
types commonly used in xenograft models). The binding
potential of 18F-FRGD2, as determined by tracer kinetic
analysis (after dynamic imaging), was measured and corre-
lated with integrin expression on U87-MG tumors. It was
noted that U87-MG tumors had the highest tumor tissue
integrin and tumor cell integrin levels and, correspondingly,
that U87-MG tumors had the highest initial uptake of radio-
activity followed by rapid washout. It was also noted that
this correlation between the binding potential and increased
tracer uptake was especially improved at later time points
(60 min after injection) compared with earlier time points,
most likely because of increased perfusion and vascular
permeability increasing nonspecific uptake.
Another limitation to the approach of targeting aVb3-

integrin and aVb5-integrin is the potential for elevated
uptake of RGD-based tracers in regions of inflammation.
It was previously 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 (24). This factor may be
a shortcoming of the use of RGD-based tracers which, like
18F-FDG, can show high uptake in inflammatory cells (40).

Overall, the data demonstrate thevalue of longitudinal PET;
repeated imaging of the same subject allows the uptake of 18F-
fluciclatide to bemeasured longitudinally for rapid assessment
of the response to therapy and the integrity of tumors. The
assessment of tumor retention of the aVb3-integrin– and
aVb5-integrin–targeting compound over time is significantly
improved by this methodology, performed in individual ani-
mals, in comparison with current therapy standards (volumet-
ric measurement and MVD analysis) (31).

CONCLUSION

Significant reductions in 18F-fluciclatide tumor uptake
were observed in sunitinib-treated animals, compared with
vehicle-treated animals, before any significant changes in
tumor size were detected. These studies suggest that 18F-
fluciclatide may have clinical utility in the detection of the
tumor response to antiangiogenic therapy earlier than cur-
rent methods, which rely on the measurement of changes in
tumor size or biopsy.
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