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INTRODUCTION

Ovarian epithelial carcinomas are characterized by local proliferation and invasion of
ovarian surface epithelium (OSE)-derived tumor cells, followed frequently by
dissemination in the peritoneal cavity and formation of ascites containing clusters of
tumor cells. This cancer is therefore characterized by the presence of two forms of call
populations, some growing as solid tumors and others in suspension (1). At each step of
malignant progression, adhesive mechanisms plays an important role, and integrins are
likely to participate in these events (2-8). In most ovarian cancer cells, integrin a,fB; is
expressed and its ligand vitronectin is synthesized as a primary adhesion substrate. In fact,
integrin o,P3 is found at a significantly higher rate in primary ovarian cancer than in
ovarian tumors of low malignant potential, a fact which points to a role of a,f3 during
ovarian cancer progression. Although the precise mechanism of tumor progression
promoted via o3 is still rather inconclusive, various studies support a potential role of
ayB3; in selective invasion and the generation of growth and survival signals (9-12). A
recent study evidenced the correlation between a,-integrin expression and poor survival
in ovarian carcinoma (11).

The ability to non-invasively visualize and quantify o,f; integrin expression level will
provide new opportunities to document tumor (tumor cells and sprouting tumor
vasculature) receptor expression, more appropriately select patients considered for anti-
integrin treatment and monitor treatment efficacy in integrin-positive patients (13, 14). In
the past few years, we have developed a series of peptide and antibody based probes for
multimodality imaging of integrin expression in vivo. This annual report will only
summarize the progress highly relevant to this OCRP pilot proposal. We hypothesize that
ovarian cancer integrin expression can be visualized and quantified with suitably labeled
RGD peptide antagonist of integrin a3 and that the magnitude of tumor uptake from
non-invasive molecular imaging may be well-correlated with tumor integrin expression
levels.



BODY

Chemistry and Radiochemistry

Simultaneous interactions of multiple ligands and multiple receptors (multivalent
molecular recognition) are common in biological systems (15, 16). Fibronectin, a native

ligand for integrin receptors, possesses
multiple RGD moieties for multivalent
interactions with integrin receptors in
epithelial cells (16). We and others
found that multimeric RGD peptides
could also significantly enhance the
affinity of the receptor-ligand
interaction through the polyvalency
effect (17-20). Recent reports on the
use of multimeric RGD peptides for
ligand endocytosis, imaging
angiogenesis, and tumor targeting
have demonstrated that polyvalency is
an efficient strategy for discovering
(19) and developing novel RGD-based
compounds with better targeting
capability and higher cellular uptake
due to the increased integrin
recognition ability (21-23). Moreover,
the apparent increase in molecular size
may also prolong the circulation time
of the multimers and consequently
reduce tumor washout rate. The
structures of c(RGDyK) (monomer),
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Fig. 1. Schematic structures of c(RGDyK) (monomer),
E[c(RGDyK)] (dimer) and E{E[c(RGDyK)],}. (tetramer).

E{E[c(RGDyK)],}» (tetramer) are shown in Figure 1.

All three peptides shown in Figure 1 have been labeled with positron emitting

radionuclide

"E (t;, = 109.7 min) vai prothetic labeling group N-succinimidyl-4-'*F-

fluorobenzoate ('*F-SFB). The labeling yield is significantly decreased from monomer, to
dimer, and to tetramer. Two reasons might be responsible for this phenomenon: first, the
glutamate a-amino group in the dimeric and tetrameric RGD peptides is less reactive than
the lysine e-amino group in the monomeric RGD peptide. Second, the glutamate a-amino
group is buried in the bulk of multiple cyclic pentapeptides, which is not as easy
accessible to '*F-SFB as the monomeric RGD peptide. In order to improve the labeling
yield, we thus inserted a mini-PEG spacer, 11-amino-3,6,9-trioxaundecanoic acid, with
three ethylene oxide units, onto the glutamate a-amino group of the dimeric RGD peptide
E[c(RGDyK)], (denoted as RGD2) and tetrameric RGD peptide E{E[c(RGDyK)]»}>. The
mini-PEG increased the overall hydrophilicity and alleviated the steric hindrance thereby




increased the '®

F-labeling yield. Since the spacer is quite short, such modification did not

significantly alternate the receptor binding affinity and the in vivo kinetics of the tracer.

The total time for '*F-SFB synthesis was
about 100 min and the decay-corrected yield
was 67% + 11% (n = 10). The yield of "F-
SFB coupling with miniPEG-E[c(RGDyK)],
(denoted as PRGD2) is about 60% and
miniPEG-E{E[c(RGDyK)],}>» (denoted as
PRGD4) is over 20% (decay-corrected, based
on '®F-SFB). If no miniPEG spacer was added
to the RGD peptides, the radiolabeling yield
under the same condition for RGD dimer is
about 4-5% and that for RGD tetramer is
almost undetectable.

In Vitro Characterization of RGD
Tracers

In vitro integrin o,Ps-binding affinities and
specificities of RGD4, PRGD4 and FPRGD4
were assessed via displacement cell binding
assays using '“I-echistatin as the integrin-
specific radioligand. Experiments were
performed on US87MG human glioblastoma
cells by the method previously described (17,
24). The best-fit 50% inhibitory concentration
(ICsp) values for the US87MG cells were
calculated by fitting the data with nonlinear
regression using Graph-Pad Prism (GraphPad
Software, Inc.). Experiments were performed
with triplicate samples.

The receptor-binding affinity of RGD2,
PRGD2, FPRGD2, RGD4, PRGD4 and
FPRGD4 was determined by performing
competitive displacement studies with '*’I-
echistatin. All peptides inhibited the binding
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Fig. 2. Schematic structures of '*F-FRGD2,
"®F_.FPRGD2 and "®F-FPRGDA.

of '“I-echistatin (integrin a,f3 specific) to US7MG cells in a concentration dependent
manner. The tetramers showed significantly higher receptor affinity than the dimer (e.g.
ICsp value for RGD2 is about 26.1 = 3.2 nM and that for RGD4 is about 6.9 +0.5 nM).
The presence of the mini-PEG linker and/or the prosthetic group (FB) had minimal effect

on the receptor avidity.

Metabolic Stability




The metabolic stability of '"F-FPRGD2 was determined in mouse blood and urine
samples and in the liver, kidneys, and U87MG tumor homogenates at 1 h p.i. (Table 1).
After centrifugation of the tissue homogenates, the majority of the injected radioactivity
(75-95%) was in the supernatant (denoted as “extraction efficiency”), indicating
successful recovery of the radiotracer from the mouse tissue. After passing the
supernatant through C;g Sep-Pak cartridges, most of the radioactivity was trapped and the
non-retained fraction was less than 30%. After ACN elution, the radioactivity of each
sample was injected onto an analytical HPLC and the HPLC chromatograms are shown
in Figure 3. The fraction of intact tracer (Ry: 15.8 min) was between 68 % and 100 %
(Table 1). A minor metabolite peak was found at about 13~14 min for the blood and liver
samples. No defluoridation was observed throughout the study. The metabolic stability of
E_-FPRGD2 was similar to '"*F-FRGD2 (percentage of intact tracer was between 79%
and 96%), demonstrating the incorporation of the mini-PEG spacer did not change the
stability of the tracer in vivo. '*F-FPRGD4 is also rather stable in vivo (data not shown).

Table 1. Extraction efficiency, elution efficiency, and HPLC analysis of soluble fractions
of tissue homogenates at 1 h post-injection of "*F-FPRGD2 (“ND” denotes “not
determined”).

Fraction Blood Urine Liver Kidney U8TMG

Extraction efficiency (%)

Unsoluble fraction 5.2 ND 233 21.8 24 .4
Soluble fraction 94.8 ND 76.7 78.2 75.6

Elution efficiency (%)

Nonretained fraction 2.4 1.2 237 12.6 28.4

Wash water 1.2 0.2 4.3 2.0 4.3

Acetonitrile eluent 96.4 98.6 72.0 85.4 674
HPLC analysis (%)

Intact tracer 74.2 99.6 68.8 97.1 96.6
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Fig. 3. Metabolic stability of '*’F-FPRGD2 in mouse blood and urine samples and in liver, kidneys,
and U87MG tumor homogenates at 1 h after injection. The HPLC profile of pure "®F-FPRGD2

(Standard) is also shown.

Quantitative MicroPET Imaging with **F-FPRGD?2

Dynamic  microPET  scans  were
performed on US7MG xenograft model
and selected coronal images at different
time points after injecting '*F-FPRGD2
were shown in Figure 4a. High tumor
uptake was observed as early as 5 min
after injection. The U87MG tumor
uptake was 4.9 £ 0.1, 3.4 + 0.3, and 2.7
+ 0.1 %ID/g at 30 min, 1 h, and 2 h p.i.
respectively (n = 3). Most activity in the
non-targeted tissues and organs had been
cleared by 1 h p.i. For example, the
uptake values in the kidneys, liver, and
lung were as low as 2.0 = 0.6, 1.1 £ 0.3,
and 0.5 = 0.2 %ID/g, respectively at 1 h
p.i. For direct visual comparison,
representative serial microPET images
of U7MG tumor mice after injection of
"E.FRGD2 were also shown (Fig. 4b).
It can be seen that both tracers gave
comparable imaging quality, indicating
that the mini-PEG spacer did not
significantly alter the tumor targeting
efficacy in vivo. Because of the very
low tracer uptake in most organs
especially in the abdominal region, '*F-
FPRGD?2 is suitable for imaging integrin
positive lesions in most areas except for
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Fig. 4. (a) Serial microPET images of U87MG tumor-

bearing mice after intravenous injection of "8F-
FPRGD2. (b) For direct visual comparison, serial
microPET images of U87MG tumor-bearing mice after
intravenous injection of "®F-FRGD2 are also shown. (c)
Coronal and sagittal microPET images of a U87MG
tumor-bearing mouse 1 h after co-injection of '°F-
FPRGD2 and a blocking dose of ¢(RGDyK). Note that
the scale (0-2.5 %ID/qg) is different from those in (a) and
(b) (0-5 %ID/g). (d) MicroPET images of a c-neu
oncomouse after intravenous injection of *F-FPRGD2.
Arrows indicate tumors in all cases.




the kidneys and the urinary bladder. Time-activity curves showed that this tracer excreted
predominantly through the renal route (data not shown).

The integrin a.f; specificity of '*F-FPRGD2 in vivo was confirmed by a blocking
experiment where the tracer was co-injected with ¢(RGDyK) (10 mg/kg). As can be seen
from Figure 2¢, the US7MG tumor uptake in the presence of non-radiolabeled RGD
peptide (0.5 = 0.2 %ID/g) is significantly lower than that without RGD blocking (3.4 +
0.3 %ID/g) (P < 0.001). Similar as previously reported (24), the tracer cleared from the
body significantly faster and the uptake in most organs (e.g. kidneys and liver) were also
lower than those without c¢(RGDyK) blocking. Western blot and immunohistochemical
staining also confirmed that these organs express low levels of integrin a,fB3; (data not
shown).

Quantitative MicroPET Imaging with **F-FPRGDA4

Dynamic microPET scans were performed on U87MG xenograft model and selected
coronal images at different time points after injection of '"F-FPRGD4 were shown in
Figure 5A. The tumor was clearly visible with high contrast to contralateral background
as early as 5 min p.i. Quantitation of tumor and major organ activity accumulation in
microPET scans was realized by measuring ROIs encompassing the entire organ in the

wwog Fig. 5. (A) Decay-corrected whole-

body coronal microPET images of a

female athymic nude mouse bearing

U87MG tumor at 5, 15, 30, 60, 120

and 180 min post-injection (p.i.) of

"®F_.FPRGD4 (3.7MBq [100 uCi]). (B)
smin 15 min 30 min comn  120mn  1s0mn O%0g Decay-corrected whole-body coronal
microPET images of an orthotopic
MDA-MB-435 tumor-bearing mouse
at 30, 60 and 150 min after
intravenous injection of 3.7 MBq of
"®F.FPRGD4. (C) Decay-corrected
whole-body coronal microPET
images of a c-neu oncomouse at 30,
60 and 150 min (5-min static image)
after intravenous injection of 3.7 MBq
of "®F-FPRGDA4. (D) Decay-corrected
whole-body coronal microPET
images of a DU145 tumor-bearing
mouse at 30 and 60 min after
i1r;travenous injection of 3.7 MBq of
10 %ID/g 10%ID/g F-FPRGD4. (E) Decay-corrected

E whole-body coronal microPET
images of a U87MG tumor-bearing
mouse at 30 and 60 min after co-
injection of 'F-FPRGD4 with a
blocking dose of c¢(RGDyK) (10
mg/kg).
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coronal orientation. The US7MG tumor uptake of '*F-FPRGD4 was calculated to be 9.87
+0.10, 7.80 £ 0.14, 6.40 = 0.27, 5.39 + 0.14, and 4.82 + 0.22 %ID/g at 5, 30, 60, 120 and
180 min p.i., respectively (n = 3). "*F-FPRGD4 was cleared mainly through the kidneys.
Some hepatic clearance was also observed.

Representative coronal microPET images of MDA-MB-435 tumor-bearing mice (n = 3)
at different times after tracer injection were showed in Figure 5B. As the integrin
expression level in MDA-MB-435 tumor is lower than U87MG, the tumor uptake of '°F-
FPRGD4 in MDA-MB-435 tumor (5.07 + 0.18, 4.53 £ 0.36, 3.38 + 0.48 %ID/g at 30, 60,
and 150 min p.i.) was also lower than that in US7MG tumor. No significant difference in
normal organs and tissues was found between these two tumor models.

"F_-FPRGD4 was also successful in visualizing a spontaneous murine mammary
carcinoma model grown in c-neu oncomice (Fig. 5C) {Harris, 2003 #20; Harris, 2006
#51; Onthank, 2004 #10; Mousa, 2005 #12; Onthank, 2004 #53}. The tumor uptakes
were found to be 4.22 = 0.18, 3.56 £ 0.34, and 2.36 + 0.40 %ID/g at 30, 60, and 150 min,
respectively (n = 3). These values are slightly lower than those in MDA-MB-435 human
breast cancer tumors grown in nude mice. No significant difference was found in major
organs and tissues between the spontaneous tumor model of Balb/C strain and the
xenograft models of nude mice stain.

We also tested '*F-FPRGD4 in an integrin negative DU145 tumor model (n = 3). As can
be seen from Figure 5D, only slightly higher than contralateral muscle background signal
was detected in DU145 tumor (1.44 + 0.34 and 0.93 + 0.13 %ID/g at 30 and 60 min p.i.).
These values were significantly lower than in all other three integrin-expressing tumor
models (P < 0.001). The tumor uptake followed the trend of U§7MG > MDA-MB-435 >
c-neu > DU145, which is consistent with the integrin o,p3 expression pattern (quantified

by SDS-
PAGE/autoradiography) 1254 Tumor 159 Kidney
(18) in these tumor 1001 gl e,
models (data not shown). o 75 o 7
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uptake in the tumor was inhibited as compared with that in the tumor without blocking
(Fig. 5A). Radioactivity accumulation in most other major organs and tissues was also
significantly reduced in the presence of non-radioactive RGD peptide.

The tumor uptake and biodistribution of '*F-FPRGD4 derived from quantitative
microPET imaging was compared with that of '*F-FRGD2 in the same U87MG tumor
model. As shown in Figure 6, the uptake of 'F-FPRGD4 in US7MG tumor was
significantly higher than that of "*F-FRGD?2 at all time points examined (P < 0.001). '*F-
FPRGD4 also showed higher uptake than '*F-FRGD2 in the liver, kidneys (P < 0.05).
The initial muscle uptake of '*F-FPRGD4 was higher than '"*F-FRGD2 (P < 0.05), but the
difference was diminished at late time points (P > 0.05).

Correlation between PET Imaging and Integrin Expression In Vivo

We have tested six xenograft models: U87MG glioma, C6 rat glioma, MDA-MB-435
breast cancer, PC-3 prostate cancer, NCI-H1975 and A549 non-small cell lung cancers.
The dynamic microPET studies were performed by tail-vein injection of 100 uCi of
['"*F]JFRGD2 under isoflurane anesthesia. The 60 min dynamic (5x60 s, 5x120 s, 5x180 s,
6x300 s) microPET data acquisition (total of 21 frames) was started 3 min after
radiotracer injection. Static images at 2 h and 3 h time points were also acquired as 10
min static images. Time-activity curves showed that this tracer excreted predominantly
through the renal route (Fig. 7A). Diversified tumor uptake patterns of ['*F]JFRGD2 were
found in different xenograft models (Fig. 7B). The U87MG tumor had the highest tumor
tissue integrin and tumor cell integrin levels and also had highest initial tumor uptake but
also had the most rapid tumor washout, reaching a plateau after 50 min p.i. The tumors
with low magnitude of tumor uptake had minimal tumor washout, providing reasonably
high tumor contrast at late time points when non-specific activity accumulation in the
normal organs had been mostly cleared.

A g- B

—e— UB7MG —e— US7TMG
—a—Lung 8 - —.—%/I(IS:)A-MB-435
——Liver _ﬁ_“‘ PC-3
6 1 —a—Muscle —«—NCI-H1975
—o—Kidney 6 - ——A549
2
1o O 4 -
¥ = X
0 60 120 180 0 10 20 30 40 50 60
Postinjection time (min) Postinjection time (min)

Fig. 7 (A) Time activity curves derived from the 60 min dynamic and 70 min, 120 min, 180 min
static microPET imaging study. The regions of interests (ROls) are shown as mean % ID/g + SD
(n = 3). (B) Comparison of tumor uptake in nude mice derived from the 60 min dynamic microPET
scans.
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Logan plot is a graphical method of analysis, applicable to ligands that bind reversibly to
receptors or enzymes (25). This method can calculate the distribution volume (DV) for
dynamic PET data before steady state is actually reached. Patlak analysis (26) is another
graphical method that is good for irreversible radioligand binding. We thus applied both
Logan plot and Patlak analysis for all dynamic PET data to determine which method is
more suitable for ['"*FJFRGD2 tracer kinetics. We found that Patlak curves deflected
downward for the later time points, which is probably a good indication that the tracer is
actually reversible.

Logan plot analysis (25) of the PET data used normalized integrated activity in the tumor
vs. the normalized integrated activity in the
muscle (Eq. 1). The ratio of integrated
tumor uptake divided by tumor uptake was
set as the y-axis. The ratio of integrated
reference tissue uptake divided tumor
uptake was set as the x-axis of Logan plot
(here we select muscle as reference tissue
because of its low integrin expression). The
slope of the linear portion of Logan plot was o & 12 18 24 30 36
distribution volume ratio (DVR). The Int muscle/tumor
binding potential (BP) = DVR — 1. This | Fig. 8 Logan plots derived from 60 min
method can calculate the distribution | dynamic microPET imaging data, which
volume (DV) for dynamic PET data before _showed excellent linearity 01_r .normallzed
. integrated (Int) tumor activity versus
steady state is actually reached. We used | ormalized integrated muscle  tissue
26.5 min as starting point for linear | activity effective for t > 25 min. The slopes
regression of the dynamic microPET studies | of the fits represent the distribution volume
since all graphs became linear after that | ratios (BVR).
point with the slope being DVR (Fig. 8).
The calculated binding potentials (Bpa/Ka) for ['*FJFRGD2 in the US7MG, MDA-MB-
435, C6, PC-3, NCI-H1975, and A549 tumors using muscle as reference tissue were
found to be 29.5, 17.5, 5.8, 1.9, 4.1 and 3.8, respectively.
T T
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Quantification of cell or tissue integrin a3 expression by immunoblotting is technically
challenging due to the heterodimeric feature of this G-protein receptor. Both anti-a, and
anti-f; antibodies are thus needed to confirm the presence of integrin o,f3 and yet it is
difficult to be quantitative (27). It was recently reported that SDS-polyacrylamide gel
electrophoresis and autoradiograms and revealed that '*’I-echistatin forms SDS-stable
complex with certain integrins (resistant to 0.6% SDS) in the absence of chemical cross-
linkers, reducing conditions and heating (28). Tumor-bearing mice were sacrificed 24 h
after dynamic microPET imaging. The quantitation of tumor tissue integrin level was
performed by incubating NP-40 solubilized tumor tissue lysate with '*I-echistatin in the
presence of increasing concentrations of non-radiolabeled echistatin (28). Tumor tissues
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integrin expressions were then
quantified by SDS-PAGE and
autoradiography. Briefly,
solubilized tumor tissues were
obtained by addition of 0.1
mL/cm® of lysis buffer (0.05 M
HEPES, pH 7.4, 1% Nonidet P-
40 (NP-40), 1 mM CacCl,, and 1
mM MgCl,). After incubating on
ice for 10-20 min, the samples
were collected and centrifuged at
15,000 rpm for 3 min. The
resulting solution was then
analyzed for total protein content
by MicroBCA protein assay.
Samples were assayed in
triplicate. Twenty pg of proteins
were incubated in a final volume

of 25 pL in binding buffer in the
presence of 1.85 KBq of '*I-
echistatin and various amount of
echistatin (1 to 100 nM). After 2
h incubation at room temperature,
the mixtures were loaded onto
4%-10% SDS-PAGE gels. After
electrophoresis, the gels were

dried and  subjected to
autoradiograghy overnight.
Radioactive bands were

developed and quantified in
Cyclone Phosphoimager system
(Perkin—Elmer Inc., Boston,
MA). The same dose of '*I-
echistatin ~ without  forming
complex with integrin was used
as a standard and 15 ng of
purified integrin a,f3 (Chemicon,
Temecula, CA) was used as a
positive control and molecular
marker. Each competition curve
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Fig. 9 Analysis of NSCLC A549 tumor tissue integrin
level by  SDS-PAGE/Autoradiography. NP-40
solubilized tumor tissue lysate (30 pg) was incubated
with 1 x 10° cpm "®°l-echistatin for 2 h and increasing
concentrations of echistatin. After separation on 0.6%
SDS-PAGE, an autoradiogram was obtained (A) and
each radioactivity band was quantified by
Phosphorlmager (B). Scatchard transformation of the
sigmoid curve generated tissue receptor density (#
receptors/mg tissue) (C).

5.0E+12
R?=0.96
4.0E+12

5.00E+12 - —
+ 5 min after injection

4.00E+12

3.0E+12 3.00E+12

2.0E+12 2.00E+12

Bmax (mg protein) >
Bmax (mg protein) 0

1.0E+12 1.00E+12

0.0E+00 0.00E+00 +—%—

BP Tumor-to-background ratios

5.00E+12 17 a0 tter injection

4.00E+12

(@]
O

5.00E+12 777 60 min after injection

4.00E+12

3.00E+12 3.00E+12 1

2.00E+12 2.00E+12

Bmax (mg protein)

1.00E+12

Bmax (mg protein)

1.00E+12

R?=0.98
AN . : , 0.00E+00 T T T |
25 0 10 20 30 40

Tumor-to-background ratios

]
0.00E+00 +
0 5 10 15 20

Tumor-to-background ratios

Fig. 10 (A) Correlation analysis between tumor tissue
receptor density (Bmax/mg protein measured from
SDS-PAGE/autoradiography using '®l-echistatin as
radioligand) vs. binding potential (BP) (calculated from
Logan plot transformation of dynamic microPET
imaging data). (B-D) Tumor tissue receptor density vs.
tumor/background ratio at 5 min (B), 30 min (C)and 1 h
(D) post-injection of ['®FJFRGD2.

was then fitted by the Hill equation (GraphPad). A representative autoradiogram of a
competition experiment for A549 tumor is shown in Fig. 9A. The linear portion of the
sigmoid curve (Fig. 9B) was used to generate the Scatchard transformation and the Bp.x

(Fig. 90).
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A linear relationship was found between the BP values calculated from graphical analysis
of dynamic microPET imaging and the B, values measured from SDS-
PAGE/autoradiograms (R* = 0.96, P = 0.005) (Fig. 10). The tumor to contralateral
background ratios did not provide the same level of correlation with the tumor tissue
integrin density at early time points (e.g. Pearson’s correlation coefficient R* was 0.86 at
5 min and 0.88 at 30 min p.i.). At 1 h p.i., a good linear relationship was found between
tumor/background ratio and tumor integrin level, thus making it possible to quantify
tumor integrin expression level in vivo with static PET scans and ['*FJFRGD2.

Ovarian Cancer Model Study

We have tested three ovarian cancer cell lines: SKOV-3, OVCAR-3, and 2008. RT-PCR
(Fig. 11) showed that SKOV-3 cells
express high levels of avB3, OVCAR-3 SKOV3 2008 OVCAR3
cells express high level of av but low
level of B3, and 2008 cells express low a
level of av and is almost negative for 3.
We are currently in the process of
transfecting OVCAR3 cell line with R,
integrin B3 to render the cell line
integrin positive. We are also trying to
knock down integrin B3. The integrin | R-Actin
expression levels in vivo in both
subcutancous and ort‘hot‘op 1 tumprs Wlll Fig. 11. The mRNA levels of integrin av and 33
be assessed by quantitative PET imaging | SKOV-3, OVCAR-3, and 2008 were
with "°F-labeled dimeric and tetrameric | determined by reverse transcriptase PCR.

RGD peptides, which will be the major
effort for the 2™ year of the pilot grant funding.
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KEY ACCOMPLISHMENTS

e Developed a series of RGD peptide ligands for integrin avfB3 based on
polyvalency effect;

e Successfully labeled mono, di, and tetarmeric RGD peptides with F-18 through
'SE_SFB prosthetic group;

e Assess the in vitro receptor affinity and in vivo tumor targeting efficacy of
different RGD peptide tracers;

e (Correlated the quantitative PET imaging results with tumor integrin expression
level in multiple xenograft models;

o Established several ovarian cancer models for test the optimal RGD peptide
tracers.

14



REPORTABLE OUTCOMES

Publications:

Cai W, Rao J, Gambhir SS, Chen X
Molecular Imaging in Anti-Angiogenic Drug Development
Mol Cancer Ther. 2006;5(11): 2624-33.

Chen X
Multimodality Imaging of Tumor Integrin alpha(v)beta(3) Expression.
Mini Rev Med Chem. 2006;6(2):227-34.

Cai W, Zhang X, Wu Y, Chen X.
A thiol-reactive '*F-labeling agent, N-[2-(4-'*F-fluorobenzamido)ethyl]maleimide,
and synthesis of RGD peptide-based tracer for PET imaging of a,p; integrin

expression.
J Nucl Med. 2006;47(7):1172-1180.

Cai W, Gambhir SS, Chen X.
Multimodality Tumor Imaging Targeting Integrin o33
Biotechniques. 2005;39:S6-S17 (Review).

Zhang X, Xiong Z, Wu Y, Tseng JR, Gambhir SS, Chen X.

Quantitative PET Imaging of Tumor Integrin a,f; Expression with ['*FJFRGD2.
J Nucl Med. 2006;47:113-121.

Conference Abstracts:

Li Z-B, Wu Z, He L, Chin FT, Chen X
“Click” labeling of RGD peptide with '®F and microPET imaging of o,B; integrin
expression
54™ SNM Annual meeting, Washington, DC June 2007

Wu Z, Li Z-B, Cai W, He L, Chin FT, Li F, Chen X
microPET Imaging of Tumor a.p; Integrin Expression Using '*F-labeled PEGylated
Tetrameric RGD Peptide (‘*F-FPRGD4)
54™ SNM Annual meeting, Washington, DC June 2007

Wu Z, Li Z-B, Cai W, He L, Chin FT, Li F, Chen X
'8F_labeled mini-PEG spacered RGD dimer (‘*F-FPRGD2): synthesis and microPET
imaging of o3 integrin expression
54™ SNM Annual meeting, Washington, DC June 2007
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Chen X
Multimodality imaging of tumor angiogenesis
232nd ACS National Meeting, San Francisco, CA, September, 2006

Zhang X, Cai W, Wu Y, Chen X
Positron Emission Tomography Imaging of o,B3; Integrin Expression using RGD
Peptide-Based Tracer Synthesized via a Novel Thiol-Reactive '*F-Labeling Agent N-
[2-(Aminoethyl)maleimide]-4-[1SF]Fluorobenzamide ([ISF]AMFB)
53" SNM Annual meeting, San Diego, CA, June 2006

Zhang X, Xiong Z, Wu 'Y, Cai W, Tseng JR, Gambhir SS, Chen X.

Quantitative PET Imaging of Tumor Integrin a,f; Expression with ['*FJFRGD2
AMI International Conference 2005, Orlando, FL, March, 2006.
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CONCLUSIONS

In conclusion, we have successfully accomplished all the tasks proposed in Specific Aim
1. We have also started to tackle Aim 2 by establishing the analytical methods to quantify
integrin expression in vivo. We are also establishing ovarian cancer models with
titratable integrin levels so we can correlate the quantitative PET imaging in vivo with
integrin level measured ex vivo.
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Abstract

Drug development is a long process that generally spans
about 10 to 15 years. The shift in recent drug discovery
to novel agents against specific molecular targets high-
lights the need for more robust molecular imaging
platforms. Using molecular probes, molecular imaging
can aid in many steps of the drug development process,
such as providing whole body readout in an intact
system, decreasing the workload and speeding up drug
development/validation, and facilitating individualized
anticancer treatment monitoring and dose optimization.
The main focus of this review is the recent advances in
tumor angiogenesis imaging, and the targets include
vascular endothelial growth factor and vascular endo-
thelial growth factor receptor, integrin «o,33, matrix
metalloproteinase, endoglin (CD105), and E-selectin.
Through tumor angiogenesis imaging, it is expected that
a robust platform for understanding the mechanisms of
tumor angiogenesis and evaluating the efficacy of novel
antiangiogenic therapies will be developed, which can
help antiangiogenic drug development in both the
preclinical stage and the clinical settings. Molecular
imaging has enormous potential in improving the effi-
ciency of the drug development process, including the
specific area of antiangiogenic drugs. [Mol Cancer Ther
2006;5(11):2624 - 33]
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Introduction

Cancer drug discovery is a relatively long process. Rational
predefined steps have been streamlined for drug develop-
ment in recent years, thanks to the development of many
new technologies (Fig. 1). Many imaging techniques
have been routinely used in the drug discovery process to
directly monitor the drug in blood, normal, and tumor
tissues and to evaluate the effects of the drug in the context
of tumor (1, 2). Anatomic/functional imaging modalities,
such as computed tomography, magnetic resonance imag-
ing, and ultrasound, have been used to assess tumor size
and structure. They can also provide valuable information
on tumor perfusion, integrity of the blood-brain barrier,
vessel density, vessel permeability, blood oxygenation,
blood volume, blood flow, blood velocity, and flow
resistance. However, with the recent shift in drug discovery
from conventional cytotoxic drugs to novel agents against
specific molecular targets, these conventional imaging
modalities are usually no longer adequate. Cytostatic
therapies are much less toxic, and disease stabilization
may not lead to shrinkage of tumors in a short period of
time. Molecular imaging recently emerges with increasing
popularity as it can be used to monitor the changes at the
molecular level in vivo, and it can help in evaluating
treatment efficacy much earlier.

Molecular imaging refers to the characterization and
measurement of biological processes at the molecular
level (3). For a representative comprehensive review,
the readers are referred to ref. 3. Molecular imaging
techniques include positron emission tomography (PET),
single-photon emission computed tomography (SPECT),
molecular magnetic resonance imaging, magnetic reso-
nance spectroscopy, optical bioluminescence, optical fluo-
rescence, and targeted ultrasound (3). Molecular imaging
can give whole body readout in an intact system, help to
decrease the workload and speed up the drug develop-
ment process, provide more statistically relevant results
because longitudinal studies can be done in the same
animals, aid in lesion detection and patient stratification,
and help in individualized anticancer treatment monitor-
ing and dose optimization.

Several excellent review articles have been published on
the general role of molecular imaging on drug develop-
ment (2, 4-6). For the remaining of this review article,
we will mainly focus on expounding the role of molecular
imaging in antiangiogenic drug development and briefly
summarize the recent advances in tumor angiogenesis
imaging.
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Figure 1. Drug development is a relatively long process, which usually
spans 10 to 15 years. Molecular imaging can help in many steps of the
process.

Tumor Angiogenesis

Angiogenesis, the formation of new blood vessels from
preexisting blood vessels, is a fundamental process occur-
ring during tumor progression (7). Tumor growth depends
on the balance between proangiogenic and antiangiogenic
molecules. Molecules regulating angiogenesis include, but
are not limited to, growth factor receptors, tyrosine kinase
receptors, G-protein—coupled receptors for angiogenesis
modulating proteins, integrins, and matrix metalloprotei-
nases (MMP; ref. 8). Here, we will focus on three of
the most intensively studied angiogenesis-related molecu-
lar targets: vascular endothelial growth factor (VEGF) and
VEGF receptors (VEGFR), integrin o,Rs;, and MMPs
(Fig. 2). During tumor angiogenesis, these molecules
interact closely with each other. Integrin «,p; can recruit
and activate MMP-2, which degrades components of the
basement membrane and interstitial matrix to facilitate
tumor progression (9). It can also regulate the production
of VEGEF in certain tumor cells (10). Several other molecular
targets that are also involved in tumor angiogenesis are
thus far understudied and will only be briefly mentioned,
such as endoglin (CD105) and E-selectin (Fig. 2).

Imaging VEGF and VEGFR Expression

VEGF is a potent mitogen in embryonic and somatic
angiogenesis. It plays a central role in both normal
vascular tissue development and tumor neovasculariza-
tion (8). The VEGF family is comprised of seven members
with a common VEGF homology domain: VEGF-A, VEGF-
B, VEGF-C, VEGF-D, VEGF-E, VEGF-F, and placental
growth factor. VEGF-A is a dimeric, disulfide-bound
glycoprotein that exists in at least seven homodimeric
isoforms, consisting of 121, 145, 148, 165, 183, 189, or
206 amino acids (11). These isoforms differ not only in
their molecular weight but also in biological properties,
such as the ability to bind to cell surface heparin sulfate
proteoglycans.

The angiogenic actions of VEGF are mainly mediated via
two closely related endothelium-specific receptor tyrosine
kinases: Flt-1 (VEGFR-1) and Flk-1/KDR (VEGFR-2;
ref. 12). Both are largely restricted to vascular endothelial
cells and are overexpressed on the endothelium of tumor
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vasculature, whereas they are almost undetectable in the
vascular endothelium of adjacent normal tissues. All of the
VEGF-A isoforms bind to both VEGFR-1 and VEGFR-2. It is
generally agreed that VEGFR-1 is critical for physiologic
and developmental angiogenesis, and the function of
VEGEFR-1 differs with the stages of development, the states
of physiologic and pathologic conditions, and the cell types
in which it is expressed (12). VEGFR-2 is the major
mediator of the mitogenic, angiogenic, and permeability-
enhancing effects of VEGF. Overexpression of VEGFR or
VEGF-A has been implicated as poor prognostic markers in
various clinical studies of cancer (13). Agents that prevent
VEGF-A binding to its receptors, antibodies that directly
block VEGFR-2, and small molecules that inhibit the
kinase activity of VEGFR-2 thereby blocking VEGF/VEGFR
signaling are all under active development (14-16). The
critical role of VEGF-A in cancer progression has been
highlighted by the recent approval of the humanized
anti-VEGF monoclonal antibody bevacizumab (Avastin;
Genentech, South San Francisco, CA) for first-line treat-
ment (17). Successful development of VEGF- or VEGFR-
targeted molecular imaging could serve as a paradigm for
the assessment of cancer therapeutics targeting tumor
angiogenesis.

Recombinant human VEGF;,; has been labeled with '''In
for identification of ischemic tissue in a rabbit model,
where unilateral hind limb ischemia was created by
femoral artery excision (18). However, virtually no
difference was observed between the ischemic hind limb
and the contralateral hind limb. VEGF;,; has also been
labeled with **™Tc through an “Adapter/Docking’” strat-
egy (19). The tracer was used to image 4T1 murine
mammary carcinoma, and very low tumor signal (<3
%ID/g) was observed. Recently, this tracer was also tested
for the imaging of tumor vasculature before and after
different types of chemotherapy (20). [*2I]VEGF;¢s has also
been reported as a potential tumor marker (21). Despite the
high receptor affinity of this tracer, biodistribution in
A2508 melanoma tumor-bearing mice indicated poor
tumor-to-background ratio, most likely due to the low
metabolic stability of the compound. Nonetheless, biodis-
tribution, safety, and absorbed dose of [*2I]VEGF;¢s was
studied in patients with pancreatic carcinoma (22). Fol-
lowing i.v. administration, sequential images were

[ VEGFNEGFR] [Matrix Metalloproteinase]

Endoglin (CD105)

Figure 2.
angiogenesis.

Representative molecular targets involved in tumor
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recorded during the initial 30 minutes after injection.
Although a majority of primary pancreatic tumors and
their metastases were visualized by [*2I]JVEGF;¢s5 scan, the
organ with the highest absorbed doses was the thyroid,
indicating severe deiodination of the probe. A recombinant
protein composed of VEGFj45 fused through a flexible
polypeptide linker (GGGGS); to the n-lobe of human
transferrin was also reported for imaging angiogenesis,
and the tumor contrast was modest (23). In all the above
reports, radiolabeled VEGF isoforms were used for SPECT
imaging. PET has several advantages over SPECT, includ-
ing 1 to 2 orders of magnitude greater sensitivity, and the
increasing implementation of clinical PET and PET/CT
(computed tomography) scanners can facilitate the trans-
lation of novel PET tracers to the clinic.

A few radiolabeled anti-VEGF antibodies have been
reported for PET imaging applications. VG76e, an IgGl
monoclonal antibody that binds to human VEGF, was
labeled with '*I for PET imaging of solid tumor xenografts
in immunodeficient mice (24). Whole-animal PET imaging
studies revealed a high tumor-to-background contrast
(Fig. 3A). Although VEGF specificity in vivo was shown
in this report, the poor immunoreactivity (<35%) of the
radiolabeled antibody limits the potential use of this tracer.
HuMV833, a humanized version of a mouse monoclonal
anti-VEGF antibody MV833, was also labeled with 1241 ‘and
the distribution and biological effects of HuMV833 in
phase I trial cancer patients were investigated (25). Patients
with progressive solid tumors were treated with various
doses of HuMV833, and PET imaging using ['**IJHuMV833
was carried out to measure the antibody distribution. It
was found that antibody distribution and clearance were
quite heterogeneous not only between patients but also
between individual tumors of the same patient, suggesting
that intra-patient dose escalation approaches or more
precisely defined patient cohorts would be preferred in
the design of phase I studies with antiangiogenic anti-
bodies such as HuMV833.

Thoracic
cavity

Brain

We have recently labeled VEGF;,; with “Cu (ty, =
12.7 hours) for PET imaging of tumor angiogenesis and
VEGFR expression (26). DOTA-VEGF;; (where DOTA
denotes 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid) exhibits nanomolar receptor binding affinity
in vitro. MicroPET imaging revealed rapid, specific, and
prominent uptake of [**Cu]DOTA-VEGF;,; in highly
vascularized small US7MG tumor (high VEGFR-2 expres-
sion) but significantly lower and sporadic uptake in large
U87MG tumor (low VEGFR-2 expression; Fig. 3B).
Western blot of tumor tissue lysate, immunofluorescence
staining, and blocking studies with unlabeled VEGFy;
confirmed that the in vivo tumor uptake is VEGFR
specific. Substantial tracer uptake in the kidneys was also
observed, most likely due to the high VEGFR-1 expres-
sion in this organ. Successful demonstration of the ability
of [**Cu]DOTA-VEGF;,; to visualize VEGFR expression
in vivo should allow for clinical translation of this tracer
to image tumor angiogenesis and to guide antiangiogenic
treatment, especially VEGFR-targeted cancer therapy.
Based on the in vivo pharmacokinetics of [**Cu]DOTA-
VEGFi3,, VEGF;;; may also be labeled with BE for PET
imaging applications as good tumor-to-background ratio
was achieved as early as 1 to 2 hours after injection.

The abovementioned examples showed that molecular
imaging of tumor angiogenesis can play a role in target
validation, lead optimization, monitoring therapeutic re-
sponse, and in clinical trials during the drug development
process. Despite the critical role of VEGF and VEGFR in
tumor angiogenesis, molecular imaging of VEGF or VEGFR
has not been well studied. In the clinical setting, the right
timing can be critical for VEGFR-targeted cancer therapy,
and PET imaging of VEGF/VEGFR can play a very
important role in determining whether to start and when
to start the VEGFR-targeted treatment. Clinical translation
will be critical for the maximum benefit of VEGF-based
cancer imaging agents. Much research remains to be done in
the near future to optimize VEGF- or VEGFR-targeted

25 %ID/g

High
VEGFR-2

Low

VEGFR-2 0 %ID/g

Figure 3. A, PET images of a tumor-bearing mouse at 24 h after injection of '?*|-labeled VG76e. Left to right, coronal, sagittal, and transverse views.
B, microPET images of U87MG tumor-bearing mice 16 h after injection of [**CulDOTA-VEGF,,. The small tumor has high VEGFR-2 expression, whereas
the large tumor has low VEGFR-2 expression. %ID/g, percent injected dose per gram of tissue (adapted from refs. 24, 26).
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molecular imaging. Site-specific labeling via a Cys-tag
may offer advantage over direct labeling on the amino
group of the lysine side chain for new tracer development or
tracer optimization. A VEGFR-2-specific ligand can also be
developed, which may be superior to VEGF-A-based tracer,
as experimental evidence has shown that VEGFR-2 is more
involved in tumor angiogenesis, whereas VEGF-A binds to
both VEGFR-1 and VEGFR-2. Peptidic VEGFR antagonists,
which can be labeled with ''C or '®F (more readily available
than ®*Cu or '2%), may also be tested (27). Peptide-based
tracers may allow for higher throughput than antibody- or
protein-based radiotracers, as 1-hour after injection is
usually sufficient for a peptide-based tracer to clear from
the non-targeted organs and give high-contrast PET images.
In contrast, it may take several hours and even days before
high-contrast PET images can be obtained for protein- or
antibody-based tracer. Transgenic mouse models where
either the VEGF or VEGFR-2 promoter drives reporter gene
expression will also likely play a useful role in understand-
ing VEGF biology and drug optimization (28).

As VEGF/VEGER signaling is one of the most important
pathways during tumor angiogenesis, the ability to image
and quantify VEGF and/or VEGEFR expression level during
tumor growth and upon antiangiogenic treatment will be of
critical importance. It has been shown that the therapeutic
window of VEGF/VEGFR-targeted delivery does not
depend on the total dose given but rather on the micro-
environmental levels of VEGF/VEGEFR expression. Visual-
izing and quantifying VEGF/VEGFR expression in vivo
will allow for personalized treatment by choosing the right
timing during which the treatment is most effective. In vivo
imaging of VEGF/VEGEFR expression will also be able to
determine the effective dose of VEGF/VEGFR-based
treatment, so that therapeutically efficacious dose levels
can be given safely.

Imaging Integrin o33 Expression

Integrins are a family of cell adhesion molecules consisting
of two noncovalently bound transmembrane subunits
(a and B), both type I membrane proteins with large
extracellular segments that pair to create heterodimers
with distinct adhesive capabilities (29). In mammals, 18 «
and 8 p subunits assemble into 24 different receptors.
Integrin signaling plays a key role in tumor angiogenesis
and metastasis (30). Integrins expressed on endothelial cells
modulate cell migration and survival during angiogenesis,
whereas integrins expressed on carcinoma cells potentiate
metastasis by facilitating invasion and movement across
blood vessels. The a,p; integrin, which binds to arginine-
glycine-aspartic acid (RGD)-containing components of
the interstitial matrix, is significantly up-regulated on
endothelium during angiogenesis but not on quiescent
endothelium (30, 31). Inhibition of a3 integrin activity by
monoclonal antibodies, cyclic RGD peptide antagonists,
and peptidomimetics has been shown to induce endothelial
cell apoptosis, to inhibit angiogenesis, and to increase
endothelial monolayer permeability (32).
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Crystal structure of the extracellular portion of integrin
ay Pz in complex with ¢c(RGDf(NMe)V) has been reported
(31, 33). The cyclic RGD peptide binds at the major interface
between the «, and P subunits and makes extensive
contacts with both in a transition metal (e.g., Mn?*)-
dependent mode. Preclinical studies indicated that
many integrins other than o,p; also play important roles
in regulating angiogenesis, such as o;p1, a1, 0P, aspy,
aPs, amPs, and ayPs (32). Among all 24 integrins
discovered to date, integrin a,PB; is the most intensively
studied, and an extensive review on multimodality
molecular imaging of integrin o,p; has recently been
published (34).

Non — Radionuclide-Based Imaging of Integrin
o33 Expression

Antibody-coated paramagnetic liposomes (35), Gd-per-
fluorocarbon nanoparticles conjugated to anti-integrin
ayPBs monoclonal antibody (36), and integrin o,Ps3-
targeted paramagnetic nanoparticles (37) have been
reported for magnetic resonance imaging of integrin
ayPs expression (Fig. 4A). In these studies, the targeted
paramagnetic nanoparticles are coated with either anti-
bodies or small peptidic/peptidomimetic integrin o,R3
antagonists. Because of the relatively large size of the
probes (200-700 nm), these agents target the integrin
ayPs expressed on the tumor vasculature rather than the
tumor cells. Ultrasound imaging using integrin o,pz;—
targeted microbubbles has also been reported (Fig. 4B;
ref. 38). Because acoustic destruction of “payload-bearing”
microbubbles can be used to deliver drugs or to augment
gene transfection (39), integrin o, B3—targeted microbubbles
may have applications in site-specific cancer therapy.
Further studies are needed to validate the potential
therapeutic applications.

Although optical imaging may not be widely used in
clinical settings, near-IR (700-900 nm) approaches provide
opportunities for rapid and cost-effective preclinical eval-
uation in small animal models before the more costly
radionuclide-based imaging studies. These approaches may
also be translated into the clinic with fluorescence-mediated
tomography (e.g., for breast cancer imaging). In the near-IR
region, the absorbance of all biomolecules reaches minima,
providing a clear window for in vivo optical imaging (40).
We have shown that near-IR fluorescent dye or quantum
dot—conjugated cyclic RGD peptide could be used to
visualize s.c. inoculated integrin o,P;—positive tumors
(41, 42). The dye-RGD peptide conjugate is small in size;
therefore, it targets integrin a,p; on both tumor cells and
tumor vasculature (Fig. 4C). For the quantum dot-RGD
peptide conjugate, it mainly targets integrin a«,ps; in the
tumor vasculature because it does not extravasate well due
to the relatively large size (=20 nm; Fig. 4D). Based on these
results, an approach that takes advantage of the high
integrin o, P3—targeting efficacy of the cyclic RGD peptides,
high stability and brightness of quantum dots, and emission
wavelength in the near-IR window will have great potential
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Figure 4. A, magnetic resonance images of an i.m. tumor before (top) and after (bottom) administration of integrin «, 3 —targeted liposomes.
B, contrast-enhanced ultrasound images of a tumor-bearing rat depicting parametric perfusion data (top) and signal enhancement from integrin
a3 —targeted microbubbles (bottom). T, tumor; V, ventricles; M, a periventricular metastasis. C, in vivo near-IR fluorescence imaging of s.c. US7MG
tumor-bearing mice 1 h after administration of RGD-Cy5.5 conjugate. D, in vivo near-IR fluorescence imaging of U87MG tumor-bearing mice injected with
quantum dot-RGD conjugate (left) or equal amount of unconjugated quantum dot (right). E, scintigraphic image of an ovarian carcinoma
tumor-bearing mouse 2 h after administration of an ""n-labeled dimeric RGD peptide. F, a patient with malignant melanoma stage lllb and a solitary
lymph node metastasis in the right axilla was visualized by both ['8FIFDG (left) and ['®Flgalacto-RGD (right). G, coronal microPET image of a US7MG
tumor-bearing mouse 70 min after administration of ['®FIFRGD2. H, coronal microPET image of a U87MG tumor-bearing mouse 1 h after administration of
[®*CulDOTA-E[E[c(RGDfK)Il5. I, coronal microPET image of a UB7MG tumor-bearing mouse 25 h after administration of [**CulDOTA-Abegrin. The tumors
are shown with arrows in all cases (adapted from refs. 35, 38, 41, 42, 45, 50, 55, 60, 61).

in cancer diagnosis and imaging as well as imaging-guided
surgery and therapy.

Recently, Achilefu et al. (43) discovered that conjugating
a presumably inactive linear hexapeptide GRDSPK with
an near-IR carbocyanine molecular probe yielded Cyp-
GRD that targets integrin o,pz;—positive tumors. More
experiments need to be carried out to fully understand
this surprising phenomenon, and docking study may
reveal whether Cyp-RGD actually binds to the RGD
binding domain in integrin o,Ps. Later, they synthesized
and evaluated a series of multimeric RGD compounds
constructed on a dicarboxylic acid-containing near-IR
fluorescent dye cypate for tumor targeting (44). Optimi-
zation of the spatial alignment of the RGD moieties
through careful molecular design and library construction
may induce multivalent ligand-receptor interactions

useful for in wvivo tumor imaging and tumor-targeted
therapy.

SPECT/PET Imaging of Integrin o33 Expression
RGD peptides have been labeled with ''In and **™Tc
for SPECT imaging of integrin o,ps; expression. The
in vivo behavior of radiolabeled dimeric RGD peptide
E[c(RGDfK)], was studied in an ovarian carcinoma
xenograft model (45). M1 /9%Y and ™ Tc were incorporated
through DOTA and hydrazinonicotinamide (HYNIC)
chelators, respectively (Fig. 4E). RP748, an '''In-labeled
quinolone that binds to integrin o, 33 with high affinity, was
recently studied both in vitro and in vivo to track injury-
induced vascular proliferation in rodents (46). Water-soluble
N-(2-hydroxypropyl)methacrylamide copolymers have
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been synthesized with pending doubly cyclized RGD
peptides (47). The bioactivity of the polymer conjugates
and free peptides was characterized both in vitro and in vivo.
It was shown that specific targeting of o,Ps integrin and
nonspecific vascular permeability both contributed signifi-
cantly to the tumor uptake, with specific targeting being
more important. It was concluded that peptide oligomers
may be more suitable for imaging purposes because of the
rapid clearance, whereas peptide-polymer conjugates may
be used for high-level targeting and radiotherapeutic
approaches.

PET has been the mainstay of integrin o,P3; expression
imaging, and most reports focus on the radiolabeling of
RGD peptide antagonists. Monomeric RGD peptide
c(RGDyV) was first labeled with '*I by Haubner et al.
(48). A glycopeptide based on ¢(RGDfK) was later labeled
with '®F via a 2-['®F]fluoropropionate prosthetic group,
and the resulting [18F]ga1acto—RGD exhibited integrin
ayPz—specific tumor uptake in integrin-positive M21
melanoma xenograft model (49). Initial clinical trials in
healthy volunteers and a limited number of cancer patients
revealed that this tracer can be safely given to patients and
is able to delineate certain lesions that are integrin positive
(Fig. 4F; ref. 50). Despite the successful translation of
['®F]galacto-RGD into clinical trials, several key issues
remain to be resolved, such as tumor-targeting efficacy,
pharmacokinetics, and the ability to quantify integrin o, B3
density in vivo.

We have labeled a series of RGD peptides with '°F for PET
imaging, using PEGylation and polyvalency to improve
the tumor-targeting efficacy and pharmacokinetics (51-56).
['®*FIFB-E[c(RGDyK)], (abbreviated as ['*FJFRGD2) had
predominant renal excretion and almost twice as much
tumor uptake in the same animal model compared with the
monomeric tracer [18F]FB—C(RGDyK) (Fig. 4G; refs. 54, 55).
The synergistic effect of polyvalency and improved phar-
macokinetics may be responsible for the excellent imaging
characteristics of ['®*FJFRGD2. Graphical analyses of the
dynamic microPET scans in six tumor xenograft models
were carried out to correlate the tumor uptake with integrin
oy Pz expression level measured by SDS-PAGE autoradiog-
raphy, and excellent linear correlation was observed. More
importantly, it was found that at late time points when most
of the nonspecific binding had been cleared, the tumor/
background ratio had a linear relationship with tumor
integrin o,P3 expression level, thus making it possible to
quantify integrin o, B3 density in vivo. We are currently in
the process of translating [*®F]JFRGD2 into the clinic for
cancer patient imaging.

In addition to '®F, **Cu-labeled RGD peptides are also of
considerable interest. Copper-64 is an attractive radionu-
clide for both PET imaging and targeted radiotherapy of
cancer. PET imaging of tumors with low doses of **Cu-
labeled RGD peptides may be used to determine radiation
dosimetry before therapy with high dose of **Cu- or “’Cu-
labeled RGD peptides. We have labeled RGD peptides with
®Cu for PET imaging, again using PEGylation and
polyvalency to optimize the tumor-targeting efficacy and
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pharmacokinetics (53, 57-59). Recently, we reported
a tetrameric RGD peptide-based tracer, [**Cu]DOTA-
E[E[c¢(RGDfK)]:],, which showed significantly higher
receptor binding affinity than the corresponding mono-
meric and dimeric RGD analogues (60). This tracer
exhibited rapid blood clearance, high metabolic stability,
predominant renal excretion, significant receptor-mediated
tumor uptake, and good contrast in xenograft-bearing
mice (Fig. 4H). The high integrin avidity and favorable
biokinetics makes [**Cu]DOTA-E[E[c(RGDfK)],], a prom-
ising agent for peptide receptor radionuclide imaging as
well as targeted internal radiotherapy of integrin o,B3;—
positive tumors.

Abegrin (MEDI-522, also called Vitaxin; MedImmune,
Inc., Gaithersburg, MD), a humanized monoclonal anti-
body against human integrin a,ps; (picomolar binding
affinity), is in clinical trials for cancer therapy. We have
conjugated Abegrin with macrocyclic chelating agent
DOTA and labeled it with ®*Cu for PET imaging of
tumor xenografts (61). MicroPET studies revealed that
[64Cu]DOTA-Abegrin had very high tumor uptake in
integrin o,Pz—positive U87MG tumor (Fig. 4I). The
receptor specificity of [**Cu]DOTA-Abegrin was confirmed
by effective blocking of tumor uptake with coadministra-
tion of nonradioactive Abegrin. The success of integrin
ayBs—specific tumor imaging using [**Cu]DOTA-Abegrin
may be translated into the clinic to characterize the
pharmacokinetics, tumor-targeting efficacy, dose optimiza-
tion, and dose interval of Abegrin and/or Abegrin
conjugates. Chemotherapeutics or radiotherapeutics using
Abegrin as the delivering vehicle may also be effective in
treating integrin o, B;—positive tumors.

Integrin o,PB; is one of the most extensively studied
molecular targets involved in tumor angiogenesis (30—34).
The numerous reports on multimodality molecular imaging
of integrin o,B; again showed that tumor angiogenesis
imaging can participate in multiple stages of the drug
development process, such as target validation, lead
optimization, and clinical trials. However, to date, only
["®F]galacto-RGD has advanced into clinical settings for
further testing, and the tracer itself is probably suboptimal
(62). Polyvalent integrin a,p; antagonists, such as multi-
meric RGD peptides, are also promising ligands for the
molecular targeting of integrins involved in tumor angio-
genesis. Translation of new multimeric RGD peptide-based
tracers into the clinic will dramatically benefit antiangio-
genic cancer therapy based on integrin o, 33 antagonism. The
ability to quantify integrin o, 33 expression level in vivo will
be very important in monitoring antiangiogenic treatment
efficacy. Some of the abovementioned tracers with high
integrin o, B3-positive tumor uptake, as shown by molecular
imaging studies, may also have the potential to evolve into
radioimmunotherapeutic agents for cancer therapy.

Imaging MIMIP Expression

MMPs are a family of Zn**-dependent endopeptidases,
which play important roles in tumor angiogenesis, in
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particular the 72-kDa (MMP-2) and 92-kDa (MMP-9)
gelatinases (63). MMP-2, capable of degrading type IV
collagen (major component of the basement membranes),
can be localized in a proteolytically active form on the
surface of invasive cancer cells based on its ability to bind
to integrin o,P3 (9). A number of MMP inhibitors (MMPI)
have been developed as cytostatic and antiangiogenic
agents and are currently in clinical testing (64). Until
recently, clinical trials with MMPIs have yielded disap-
pointing results, highlighting the need for better insight
into the mechanisms by which MMPs contribute to tumor
growth. Molecular imaging to monitor MMP expression
noninvasively in vivo will be critical for future drug
development targeting MMPs.

Molecular imaging of MMP expression, as well as imaging
of other enzymes, can be divided into two approaches. In the
““targeted”” probes approach, labeled small molecules,
peptides, metabolites, aptamers, antibodies, or other mole-
cules are injected i.v., and the living systems can be imaged
when a fraction of the agent has bound to its target and the
non-bound agent has been cleared. Non-peptidyl broad-
spectrum MMPIs, tissue inhibitors of metalloproteinases,
MMP-2-specific inhibitors, carboxylic and hydroxamic
acid-based MMPIs, selective inhibitors of MMP-2/MMP-9,
and other MMPIs have been labeled with '2°I, 125, 1![n,
99mT. 1c Bp and/or *Cu for in vivo biological and
clinical investigation of MMP expression using SPECT and
PET (65-72). However, in most of the reports, selective
binding of the labeled compounds to specific MMPs was not
shown, and high nonspecific binding was observed possibly
due to low in vivo stability of the tracers. Except for one most
recent report (Fig. 5A; ref. 71), none of the abovementioned
reports showed any convincing in vivo imaging results. The
cyclic decapeptide CTTHWGFTLC, a selective MMP-2 and
MMP-9 inhibitor, was conjugated with DOTA and labeled
with ®*Cu for PET imaging of MMP expression in xenograft
models. Zymography of tumor extracts supported the
in vivo PET imaging results. MMP-2 and MMP-9 bands were
clearly detectable in the mouse imaged at 7 weeks, which
had prominent tumor uptake, whereas the MMP-2 and
MMP-9 expression was very week afterwards, which gave
low tumor uptake (Fig. 5A). However, MMP expression in
the MDA-MB-435 tumor model used in this study had quite
large individual variance. The low in vivo stability of the
radiotracer also limits further application of this strategy.

The abovementioned approach based on affinity ligands
is usually more useful for imaging receptors and cell
surface—expressed molecules, but it may not be the best
approach for imaging enzyme function in a living organism.
Another approach is the use of “activatable probes.”
Activatable probes undergo chemical or physicochemical
changes on target interaction and result in signal amplifi-
cation. This approach was first shown by Bremer
et al. where MMP activity was imaged in live animals,
and that the inhibition of MMP activity can be recorded
within hours after treatment by a potent MMPI (Fig. 5B;
refs. 73, 74). Later, similar approaches were used for
imaging MMP expression in the heart after myocardial

7 weeks 9 weeks

Untreated

Treated

Figure 5. A, microPET imaging of a ®*Cu-labeled MMP-2/MMP-9
inhibitor in MDA-MB-435 breast tumor-bearing mice at 7 wks (left, where
MMP-2/MMP-9 expression is clearly detectable by zymography) and 9 wks
(right, where MMP-2/MMP-9 expression is not detectable by zymography)
after inoculation. B, in vivo near-IR fluorescence imaging of tumor-bearing
mice using an activatable probe before (left) and after (right) prinomastat
(a MMPI) treatment (adapted from refs. 71, 74).

infarction where an near-IR fluorescent probe was activated
upon proteolytic cleavage by MMP-2 and MMP-9 (75). In
another report, cellular association of polyarginine-
based cell-penetrating peptides is effectively blocked when
they are fused to an inhibitory domain composed of
negatively charged residues, which was called ““activatable
cell-penetrating peptides” (76). Cleavage of the MMP-
sensitive linker between the polycationic and polyanionic
domains releases the cell-penetrating peptide portion and
its attached cargo to bind to and enter cells. In xenograft
tumor models expressing MMP-2/MMP-9, a fluorescent
dye Cyb5-conjugated activatable cell-penetrating peptide
showed modest in vivo tumor contrast (2- to 3-fold when
compared with contralateral normal tissue). The similar
approach has also been applied to modulate the cellular
uptake of quantum dot conjugates (77). Another fluorogenic
activatable probe, which is MMP-7 selective, has been
reported for in vivo detection and imaging of tumor-
associated MMP-7 activity (78). Although the activatable
probe strategy may give good tumor/background contrast,
the major drawback of optical imaging is that it has limited
clinical applications.

In vivo imaging of MMP expression is still underdevel-
oped due to many issues. First, the expression level of
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MMPs varies during different stages of tumor progression,
and imaging may also be complicated by naturally
occurring tissue inhibitors of metalloproteinases. Second,
specificity for one particular MMP is hard to achieve. There
is still plenty of room for improving the selectivity between
different MMPs, especially MMP-2 and MMP-9. The
experimental outcome would be much better interpreted
if the ligand is specific for one particular MMP. Third,
quantifying the MMP expression level in vivo has not been
demonstrated. The imaging results reported thus far are
mostly qualitative. The ability of correlating the MMP
imaging result with the MMP expression in vivo will
dramatically help the advancement of MMP imaging, anti-
MMP drug screening, and monitoring of treatment efficacy.

Imaging Endoglin and E-Selectin

In vivo imaging of endothelial markers in intact tumor
neovasculature can significantly help assessing the efficacy
of antiangiogenic agents in clinical trials. Although many
endothelial markers have been described, only few of
them have been evaluated as imaging markers. Endoglin
(CD105) is emerging as a prime vascular target for anti-
angiogenic cancer therapy (79). It is a cell membrane
glycoprotein mainly expressed on endothelial cells and
overexpressed on tumor vasculature. It functions as an
accessory component of the transforming growth factor-p
receptor complex and is involved in vascular development
and remodeling. Avidin-coated microbubbles have been
linked to biotinylated monoclonal antibodies for endoglin
targeting in vitro (80). '*’I-labeled monoclonal antibody
MAEND3 has been reported to target CD105 on tumor
vasculature in canine models (81). Another radiolabeled
monoclonal anti-endoglin antibody has also been used
for in vivo imaging (82). The major advantage of imaging
abundantly expressed endothelial targets is that this
strategy circumvents delivery barriers normally associated
with other tumor-targeting strategies.

E-selectin is a cell adhesion molecule and CD antigen
that mediates neutrophil, monocyte, and memory T-cell
adhesion to cytokine-activated endothelial cells (83). It is
expressed exclusively by activated endothelial cells, and it
recognizes sialylated carbohydrate groups related to the
Lewis X or Lewis A family. Fluorescence reflectance imaging
(a photographic process that captures views of a surface
under varying lighting conditions to enhance surface detail
that may otherwise be difficult to see) of E-selectin
expression in mouse xenograft models of Lewis lung
carcinoma has been reported (84). The imaging probe was
constructed by conjugating an E-selectin-binding peptide
(CDSDSDITWDQLWDLMK) to CLIO(Cyb5.5) nanoparticles,
where CLIO represents cross-linked iron oxide that can be
used for magnetic resonance imaging.

Endostatin, which binds fibulin and nidogen, is a 20-kDa
COOH-terminal fragment of collagen XVIII, and itis a potent
naturally occurring inhibitor of angiogenesis (7). It has been
labeled with a fluorescent dye Cy5.5 for tumor localization
after i.p. injection (85). Endostatin-Cy5.5 was quickly
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absorbed after administration, producing a near-IR fluores-
cence image of the tumors that persisted through 7 days.
[*™Tc]ethylenedicysteine-endostatin has also been synthe-
sized for evaluating the efficacy of antiangiogenic therapy
(86). Tissue distribution and planar imaging of radiolabeled
endostatin were determined in tumor-bearing rats. It was
claimed that [99mTc]ethylenedicysteine—endostatin could
assess treatment response, and there was a correlation
between tumor uptake and cellular targets expression level.

Conclusions and Perspectives
Significant advances have been made in developing novel
probes for multimodality molecular imaging of tumor
angiogenesis. Small molecules, peptides, peptidomimetics,
proteins, and antibodies have been labeled with radio-
isotopes, superparamagnetic nanoparticles, fluorescent dyes,
quantum dots, and microbubbles for PET, SPECT, magnetic
resonance imaging, near-IR fluorescence, and ultrasound
imaging of small animal tumor models, a few of which are
now in early clinical trials. The major roles of tumor
angiogenesis imaging in the drug development process will
be the following: target identification, characterization, and
validation; patient stratification (e.g., selecting the right
population of cancer patients for new clinical trials); pharma-
cokinetic/pharmacodynamic studies (e.g., candidate drug
screening and optimization, phase I clinical trials); as well as
treatment monitoring and dose optimization (phase II/III
trials). Through the development of a robust tumor angio-
genesis imaging platform, molecular imaging can dramati-
cally facilitate and speed up many steps of antiangiogenic
drug development in both the preclinical and clinical stages.
Despite the strong potentials of angiogenesis imaging
probes, most of the research efforts have thus far been
limited to probe optimization for enhanced tumor-targeting
efficacy and improved in vivo kinetics. The translation of the
imaging probes from bench to bedside has been slow. The
limited margins for marketing the very special probes makes
some of de novo imaging approaches considered too risky by
investigators. The situation is, however, being improved.
Food and Drug Administration recently developed explor-
atory Investigational New Drug mechanism to allow faster
first-in-human studies. Microdosing studies with novel
imaging probes can provide an opportunity for early
assessment of the safety profile and pharmacokinetics in
healthy volunteers. Such rapid initial clinical studies will
definitely accelerate the drug discovery process. Further-
more, the molecular imaging field has grown extremely fast
over the last decade, and the value of molecular imaging in
drug development and screening is more widely accepted
by pharmaceutical companies. By repeated imaging in
preclinical models using one or more of the discussed
imaging strategies, one can have several readouts of
angiogenesis before and after drug administration. Even if
the drug target is different from the imaging target, one can
still use imaging as a potential surrogate for the efficacy of
the drug at a given dose. It is expected that in the foreseeable
future molecular imaging will be routinely applied in many
steps of the drug development process. The combination of

Mol Cancer Ther 2006;5(11). November 2006



2632 Tumor Angiogenesis Imaging

molecular and anatomic/functional imaging techniques
in assessing tumor angiogenesis and in the response to
antiangiogenic cancer therapy will be a powerful tool.

To foster the continued discovery and development of
angiogenesis-targeted imaging probes, cooperative efforts
are needed from cellular/molecular biologists to identify
and validate molecular imaging targets, chemists/radio-
chemists to synthesize and characterize the imaging probes,
and medical physicists/mathematicians to develop high-
sensitivity /high-resolution imaging devices/hybrid instru-
ments and to develop better algorithms to further improve
signal-to-noise ratio of a given imaging device. Close
partnerships among academic researchers, clinicians, phar-
maceutical industries, the National Cancer Institute, and
the Food and Drug Administration are also needed to
promote further development of imaging probes, to apply
molecular/functional imaging approaches to predict and
evaluate antiangiogenic effect during and after treatment,
to move molecular imaging guided intervention strategy
quickly into the clinic, and to accelerate antiangiogenic
drug development.
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Multimodality Imaging of Tumor Integrin (33 Expression
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Abstract: Most solid tumors are angiogenesis dependent. Anti-angiogenic pharmaceuticals that inhibit the
growth of new blood vessels offer considerable promise as anti-cancer agents. With increasing numbers of anti-
angiogenic drugs in clinical trials, there is an urgent need for detailed characterization of the heterogeneity of
tumor vasculature and dissection of the complex network of mechanisms that control tumor angiogenesis.
Non-invasive molecular imaging will play a key role in individualized anti-angiogenic therapy based upon
molecular features of the new blood vessel growth. Integrin ay[33, which binds several ligands via an RGD
tripeptide sequence, is uniquely expressed in tumor vasculature and aggressive tumor cells, making it a
potential target for anti-angiogenic interventions. This review highlights some recent advances in
multimodality imaging of tumor integrin expression with emphasis on positron emission tomography (PET).

Keywords: tumor angiogenesis, molecular imaging, integrin o33, RGD peptide, positron emission tomography (PET).

TUMOR ANGIOGENESIS

Angiogenesis, the formation of new blood vessels from
preexisting vasculature, is essential for tumor growth and
progression (for a review, see REF. [1]). Without
neovascularization, cells in prevascular tumors or metastases
that may be replicating rapidly reach equilibrium with their
rate of death. Inhibition of angiogenesis has been shown to
prevent tumor growth and even to cause tumor regression in
various experimental models [2]. In contrast to traditional
chemotherapies, which non-specifically target a/l dividing
cells, anti-angiogenic therapy selectively targets activated
endothelial cells and tumor cells. In early Phase I/II clinical
trials, angiogenic modulators have shown modest toxic
effects and are mainly cytostatic, slowing or stopping the
tumor growth and the development of metastasis, producing
an objective remission [3] (see http://www.angiogenesis.org
or http://cancernet.nci.nih.gov for a detailed list of agents in
development).

Angiogenesis is a complex process involving extensive
interplay between cells, soluble factors, and extracellular
matrix (ECM) components [1]. The construction of a
vascular network requires different sequential steps including
the release of proteases from “activated” endothelial cells
with subsequent degradation of basement membrane
surrounding the existing vessel, migration of endothelial
cells into the interstitial space, endothelial cell proliferation,
and differentiation into mature blood vessels. These
processes are mediated by a wide range of angiogenic
inducers, including growth factors, chemokines, angiogenic
enzymes, endothelial specific receptors, and adhesion
molecules [4]. Each of these processes presents the possible
targets for possible diagnostic and therapeutic interventions.
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ANATOMICAL/FUNCTIONAL IMAGING OF
TUMOR ANGIOGENESIS

Because tumor size monitoring is still an important
clinical indicator for oncologists, conventional imaging
techniques will likely remain useful to follow anti-
angiogenic treatment efficacy. These techniques can also be
adapted to visualize and quantify morphological and
functional changes associated with tumor vascularity.
Computed tomography (CT) imaging can be performed with
contrast agents to define the intravascular compartment,
including blood flow, blood volume, mean fluid transit
time, and capillary permeability [5]. Perfusion CT technique
can be easily incorporated into the existing CT protocols to
delineate increases in tissue perfusion that may reflect
malignancy, even when there is no gross anatomical
abnormality present [6]. Depiction and detection of tumor
vascularity with ultrasound can be either approached by
Doppler studies to delineate large and medium-sized vessels
or by microbubble contrast enhanced agents to detect
microvascularity [7]. Magnetic resonance imaging (MRI) can
define both blood volume and blood vessel permeability
using dynamic enhancement of blood pool contrast agents.
Gadolinium-DTPA can distinguish between normal (non-
leaky) versus malignant (leaky) tissues, reflecting the
hyperpermeable tumor vasculature. Dynamic MRI used in
combination with macromolecular contrast media and kinetic
modeling can be applied to monitor changes in the tumor
microvasculature such as transendothelial permeability or
fractional plasma volume [8,9]. Positron emission
tomography (PET) is another approach used to characterize
neoplastic tissue. Fluorodeoxyglucose (FDG) labeled with
positron emitter !8F (t;,2 = 109.7 min) can be used to
localize primary tumors and distal metastases and to
characterize tumor glucose metabolism [10]. Blood flow and
blood volume can also be detected with H,!30 and 1CO,
respectively [11].

© 2006 Bentham Science Publishers Ltd.
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MOLECULAR IMAGING OF TUMOR INTEGRIN
EXPRESSION

Targeting tumor angiogenesis by conventional imaging
modalities that detect anatomical and functional changes of
tumor vascularity during tumor growth, angiogenesis, and
upon anti-angiogenic treatment have been well-documented.
These approaches, however, provide little or no information
regarding the specific molecular markers on newly formed
blood vessels and tumor cells and the molecular changes

Target Identification

v_ Probe Development
In Vitro Screening
Small Animal Imaging
(In Vivo Screening)

Clinical Trials

| New Drug Application|

Fig. (1). Molecular Imaging is a novel multidisciplinary field
involving the efforts from molecular and cell biology to
identify the molecular imaging target, radiochemistry and
bioconjugation chemistry to develop suitable imaging probes,
pharmacology to optimize the probes for optimal targeting
efficacy and favorable in vivo kinetics, and signal
capture/image reconstruction techniques to non-invasively
monitor the fate of molecular imaging probes in vivo. Once a
molecular imaging target (mMRNA or protein) is identified and
validated (the target is required to have unique expression on
the tumor cells as compared to normal organs and tissues and
enough number of copies to be detectable by molecular
imaging devices and to provide enough tumor/background
contrast), effort will then be spent to develop molecular
imaging probes for test (a more detailed description for
molecular imaging probe development is shown in (Fig. 2). The
probe will then be applied to preclinical animal models for
lesion detection (typically microPET or microSPECT). The
tumor targeting efficacy and in vivo kinetics will determine
whether the probe will be further evaluated. If small animal
imaging demonstrates that the molecular probe has good target
specific tumor uptake and favorable in vivo kinetic profiles, the
probe will then be rapidly translated into clinical applications
since the features of miniaturized small animal imaging studies
closely reflect the settings of a clinical imaging study for
human beings. Satisfactory clinical trials for the New
Investigational Drug (IND) will enable the submission of New
Drug Application (NDA) to the Division of Medical Imaging
and Radiopharmaceutical Drug Research, FDA for approval. If
the probe fails to provide high tumor-to-background ratio,
further structure-activity relationship (SAR) studies will be
performed to optimize the molecular imaging probes.

Xiaoyuan Chen

upon therapy. The evolution of molecular imaging [12,13]
takes advantage of traditional diagnostic imaging techniques
and introduces molecular imaging probes to determine the
expression of indicative molecular markers of the tumor
angiogenesis process [14,15] (A detailed depiction of
molecular imaging probe development is illustrated in Fig.
1).

For a targeting approach aimed at monitoring tumor
angiogenesis, the accessible targets that are specific for the
tumor present at a sufficient level are a prerequisite for the
lesion to be detectable and to be delineated from the
background by imaging technologies. The cell adhesion
molecule integrin aB3 [16], which is over-expressed on
both tumor cells and tumor vasculature, is an excellent
molecular marker for tumor angiogenesis imaging.
Interactions between vascular cells and extracellular matrixes
(ECMs) are involved in the multiple steps of angiogenesis.
To date, four families of cell adhesion molecules have been
described: integrins, immunoglobulin superfamily members,
cadherins, and selectins. Members of each family have been
detected in angiogenic blood vessels, with integrins being
most well-studied. Adhesion receptors of the integrin family
are responsible for a wide range of cell-ECM and cell-cell
interactions. Each integrin consists of non-covalently
associated o and B subunits, both type I membrane proteins
with large extracellular segments that pair to create
heterodimers (af3) with distinct adhesive capabilities. In
mammals, 18 o and 8 3 subunits assemble into 24 different
receptors. The function of integrins during angiogenesis has
been studied most extensively with a3, which is not
readily detectable in quiescent vessels but becomes highly
expressed in angiogenic vessels [17]. The expression of
integrin adhesion molecule 0,33 on sprouting capillary cells
and their interaction with specific matrix ligands has been
shown to play a key role in angiogenesis and metastasis.
Integrins expressed on endothelial cells modulate cell
migration and survival during angiogenesis. Integrins
expressed on carcinoma cells potentiate metastasis by
facilitating invasion and movement across blood vessels.
Inhibition of ay integrin activity by mAbs, cyclic RGD
peptide antagonists, and peptidomimetics has been shown to
induce endothelial apoptosis, to inhibit angiogenesis, and to
increase endothelial monolayer permeability [18].

The ability to non-invasively visualize and quantify o33
integrin expression level will provide new opportunities to
document tumor (tumor cells and sprouting tumor
vasculature) receptor expression, more appropriately select
patients considered for anti-integrin treatment and monitor
treatment efficacy in integrin-positive patients (General
procedure for molecular imaging probe development is
described in (Fig. 2). Contrast enhanced ultrasound with
microbubbles targeted to oBintegrins expressed on the
neovascular endothelium has been used to image tumor
integrin status in addition to tumor microvascular blood
volume and blood velocity, which can be easily detected
with non-targeted microbubbles [19]. In an animal model,
Sipkins et al. [20] recently demonstrated that it is feasible to
image o3 expression using MRI and antibody-coated
paramagnetic liposomes. Due to the unfavorable physical
characteristics of mAbs (vascularization requirements, and
barriers to antibody penetration, as well as intratumoral
pressure) and low sensitivity of MRI, targeted MR imaging
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Fig. (2). A molecular imaging probe is often comprised of three parts: the target delivery vehicle (virus particles, monoclonal
antibody, bispecific antibody or antibody fragments, proteins, peptides, or small molecule agonists/antagonists), the moiety
(radionuclides for PET or SPECT, fluorescent dye for optical imaging or paramagnetic metal ion for MRI) that can be detected by an
external imaging device, and a pharmacokinetic modifying (PKM) linker tethering the two together (there are exceptions if a PKM
linker is not present, for example, isotopic substitution of a small molecule drug). Even though a target is validated, several factors
are yet to be defined to determine whether a molecular imaging probe can be successfully applied for visualization and efficient
quantification of the target, namely, receptor binding affinity and specificity, hydrophilicity, metabolic stability, overall molecular

charge, molecular size, and the fate of metabolites.

will face significant obstacles to provide a robust platform
for tumor integrin assessment. We and others [21,22] have
also shown that near-infrared fluorescent dye conjugated
cyclic RGD peptide was able to visualize subcutaneously
inoculated integrin positive tumors. The major drawback of
this approach is the limited penetration of light through
tissue that this modality has primarily been directed towards
near surface lesions that are accessible by light. Even though
optical imaging may not be easily translated into human
studies, this approach provides opportunities for rapid and
cost-effective preclinical evaluation in animal models before
the more costly radionuclide-based imaging studies. To date,
most of the studies have been focused on developing
suitably radiolabeled small RGD peptide antagonists of O~
integrin as radiopharmaceuticals for single-photon emission
computed tomography (SPECT) and positron emission
tomography (PET) imaging applications [23]. Due to the
higher sensitivity of PET (10-11 — 10-12 M) as compared
with SPECT (10-2-10-10 M), the acquisition of higher count
statistics is particularly valuable for detecting the fewest
possible cells per unit volume with the least amount of
radioactivity [24], development of probes for PET imaging
of integrin expression has been the mainstay of the
continued effort.

PET IMAGING OF TUMOR INTEGRIN avyf;

The crystal structures of extracellular segment of o33
and its complex with a potent cyclic RGD peptide,
c¢(RGDf[NMe]V) (Cilengitide, Merck, Inc., currently under
Phase II clinical trials for patients with glioblastoma
multiforme who have failed first-line chemotherapy) indicate
that RGD binding site of the o33 integrin is located in the

deep cleft between the two subunits [25,26]. The essential
arginine-glycine-aspartic acid (RGD) sequence in this
specific bent conformation is desirable for high affinity and
specific binding of the peptide ligand with integrin a[33.
Substitution of the amino acid in position 4 (D-Phe in lead
structure) with tyrosine allows electrophilic
radiohalogenation (e.g., 1231, 1241, 1251 and 1311).
Replacement of the amino acid in position 5 with lysine
offers a further alternative for radiolabeling by derivatization
of the side-chain a-amino group. The lead compound
¢(RGDyK) was thus first labeled with 1251 and the tracer
revealed high receptor specific tumor uptake in integrin
positive tumors but also persistent localization of
radioactivity in the kidney region, presumably due to the
electrostatic interaction between the positively charged RGD
peptide and the negatively charged surface of renal proximal
tubular cells [27,28]. Modifying the peptide with a sugar
[27,29] or a poly(ethylene glycol) (PEG) [27] moiety
increased the hydrophilicity of the lead compound and
neutralized the positive charge on the lysine residue. !251-
labeled galacto-RGD or PEGylated RGD thus had rapid
blood clearance, substantially lowered renal uptake but also
slightly decreased tumor uptake due to decreased receptor
binding affinity upon derivatization.

Encouraged by the ability of sugar and poly(ethylene
glycol) to improve in vivo kinetic profile of cyclic RGD
peptides, both peptides were then labeled with 18F through a
prosthetic group (()-2-[!8F]fluoropropionate ([!8F]FP) for
RGD-containing glycopeptide [30-32] and 4-
[!8F]fluorobenzoyl ([3F]FB) for PEGylated RGD peptide
[33]). Both compounds had fast blood clearance (less than
0.1 % injected dose/gram (%ID/g) tissue was present as early
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Fig. (3). (A) Schematic structure of [8F]Galacto-RGD. Labeling with (x)-2-[!8F]fluoropropionate group was carried out via acylation
of the aminomethyl group at the Cl-position of the sugar moiety (Adapted from Haubner et al., ref. 30). (B) and (C), comparison of
['8F]FDG and [!8F]Galacto-RGD human scans. (B) A patient with malignant melanoma stage IV and multiple metastases in the liver,
skin and lower abdomen (arrows) showed marked uptake of [!8F]FDG (left panel) but virtually no uptake of [!8F]Galacto-RGD (right
panel). (C) A patient with malignant melanoma stage I1Ib and a solitary lymph node metastasis in the right axilla can be detected by
both ['8F]FDG (left panel) and ['8F]Galacto-RGD (right panel). The positive [\8F]FDG activity accumulation indicates viable tumor
cells, whereas specific [!8F]Galacto-RGD peptide uptake represents integrin O[3 positive tumor tissues. Although it is well
documented in the literature that the expression of integrin oy[3 is associated with a high risk of metastasis and poor prognosis in
melanoma [49], it is not well understood why angiogenesis is observed for the patient with malignant melanoma stage IIIb but not

those with malignant stage [V and multiple metastases (Adapted from Haubner ef al., ref. 32).

as 2 h postinjection of radiotracer), rapid and high tumor
uptake and moderate tumor washout, resulting in high
tumor-to-background ratio and limited activity accumulation
in the liver, kidneys and intestinal tracts. On the other hand,
the parent RGD peptide when labeled with !8F through 4-
[18F]fluorobenzoyl [34,35], showed tumor specific uptake
and its activity accumulation is correlative with tumor
integrin levels, however, the rapid tumor washout and
unfavorable hepatobiliary excretion of this tracer limited its
potential clinical applications. Pilot clinical trials are
currently in progress to test the safety and efficacy of 18F-
labeled glycosylated RGD monomer and to measure patient
integrin expression levels [32] (Fig. 3).

The low molecular mass compound c(RGDyK) is
optimized in size to fit the binding pocket of the o3
integrin receptor, thus introduction of any functional group
to improve the in vivo kinetics is at the expense of a loss of
receptor affinity. It has been proposed by several groups that
the receptor binding characteristics of dimeric and
multimeric RGD peptides would be better than that of
monomeric RGD peptide based upon polyvalency [34,36-
38]. The receptor binding of the one RGD peptide will
significantly enhance the local concentration of the other
RGD peptide in the vicinity of the receptor, which may lead
to a faster rate of receptor binding or a slower rate
dissociation of the radiolabeled dimeric RGD peptide. The
dimeric RGD peptide with almost one order of magnitude
higher integrin binding affinity than the monomeric analog
is thus labeled with !8F [34, 38]and the tracer gave the
highest tumor specific activity accumulation and
tumor/background ratios at all time points examined as
compared to monomeric RGD peptide tracers (unmodified
[34,35], PEGylated [33], and glycosylated [34,36-38]
RGDs) (Fig. 4).

For PET imaging of a3 expression, 18F-labeled RGD
peptides will be the first choice since [!8F]F- is readily
available from most medical cyclotron facilities and
radiolabeling of peptides with 18F can be realized by
introducing a prosthetic group. In addition to !8F, 64Cu-
labeled RGD peptides are of considerable interest because
64Cu (t;p = 12.8 h; BT = 655 keV [19%]; B~ = 573 keV
[40%]) is an attractive radionuclide for both PET imaging
and targeted radiotherapy of cancer [39]. PET imaging of
tumors with low doses of ®*Cu-labeled RGD peptides could
also be utilized to determine individual radiation dosimetry
prior to therapy with either ¢4Cu- or 7Cu-labeled RGD
peptides. ©4Cu labeling is also fairly straightforward and
amenable for kit formulation. Further examples of PET
imaging/internal radiotherapy radionuclide pairs include
86y/90Y [40] and 1241/1311 [41].

Generally speaking, the major problems with radiometal
labeled peptides for tumor therapy include their rapid blood
clearance thus not enough radiation dose being delivered to
the tumor and unfavorable non-specific accumulation in non-
tumor organs [42]. We initially coupled monomeric RGD
peptide ¢(RGDyK) with macrocyclic chelator 1,4,7,10-
tetraazacyclododecane-N,N’,N”’ N’*’-tetraacetic acid (DOTA)
and labeled the DOTA-RGD conjugate with ®4Cu for breast
cancer imaging [43]. The radiotracer showed intermediate
tumor uptake but also prominent liver and kidney retention,
suggesting both renal and hepatobiliary excretion routes.
PEGylated monomeric RGD peptide when labeled with
64Cu, showed significantly reduced liver and intestinal
uptake, reflecting favorable renal excretion of this tracer,
with tumor targeting efficacy virtually unchanged [44]. A
dimeric RGD peptide E[c(RGDyK)], with higher integrin
binding affinity when labeled with ®#Cu indicated almost
twice as high uptake in the tumor than the monomeric
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Fig. (4). This figure illustrates how a clinically applicable probe
can be developed after identification of integrin a3 as the
potential target for tumor angiogenesis imaging. Although, the
initial compound [!8F]FB-c(RGDyK) had a reasonably good
receptor binding in vitro and tumor specific uptake in vivo, it
had very rapid tumor washout and unfavorable hepatobiliary
excretion, which makes detection of lesions in the lower
abdomen very difficult. To increase the water solubility, a
poly(ethylene glycol) (M.W. = 3,400) moiety as PKM linker was
used to modify the tracer for in vivo evaluation. Indeed, the
more hydrophilic tracers revealed better in vivo profile without
compromising the tumor targeting efficacy in vivo even
although the receptor binding affinity in vitro was lowered due
to the PEGylation. A dimeric RGD peptide with higher binding
affinity, molecular size and hydrophilicity was also labeled
with 18F, the tumor uptake was almost twice as much as that of
monomeric RGD peptide tracers, and the magnitude of tumor
uptake was also positively correlated with tumor integrin
density levels as examined in different tumor models. Two-
dimensional (2D) projection images were acquired as 10 min
static scans 60 min postinjection of 200 pCi of !8F-labeled
RGD peptide tracer and reconstructed with ordered subset
expectation maximization (OSEM) algorithm using microPET
R4 system (Concorde Microsystems, Inc.).
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analog, but also significantly higher renal activity
accumulation presumably due to the fact that the dimeric
RGD peptide tracer is more positively charged than the
monomeric counterpart [34,37]. A tetrameric RGD peptide
E{E[c(RGDyK)],}, with even higher receptor affinity than
the dimeric RDG peptide E[c(RGDyK)], was labeled with
64Cu and applied to subcutaneous US7MG glioma model
and found that the tracer had rapid liver and renal clearance,
high and persistent tumor activity accumulation (e.g. tumor
uptake was as high as 13 %ID/g at 2 h postinjection). This
tracer may have the properties suitable for integrin targeted
internal radiotherapeutic applications [45].

FUTURE OUTLOOK

Up to now, most studies for imaging integrin receptor, a
key player in tumor angiogenesis is still at the stage of
imaging probe development. Systematic structure-activity
relationship (SAR) studies are still needed to optimize the
probes for optimal tumor targeting efficacy and improved in
vivo kinetics for clinical trials. Furthermore, little has been
done to correlate the magnitude of tumor uptake (combined
receptor specific activity accumulation in the tumor cells and
tumor vasculature) with integrin expression level. In other
words, is the contrast obtained from non-invasive imaging a
true reflection of tumor integrin levels? At any given time,
the in vivo tumor signal is not only due to specific binding,
but it also presents contributions from non-specific binding,
free imaging probe in tissue, and intravascular activity.
Tumor binding potential may be quantified through kinetic
modeling of the dynamic microPET imaging data [46,47]
and correlated with tumor integrin expression levels
examined by traditional histopathological means.

Molecular imaging of tumor angiogenesis targeting at
cell adhesion molecule integrin O[3 may be designed to
address the following aims (a schematic plot of the role of
integrin expression imaging is illustrated in Fig. 5):

1). Lesion Detection

In spite of the clinical success with PET, [!8F]JFDG PET
imaging has several limitations. The tracer can be non-
specifically taken up by several benign conditions such as
inflammatory disease, pneumonia, brown fat, muscle, bowel
uptake, and granulomatous disease. Also, slow growing
indolent tumors may exhibit only mildly increased glucose
metabolism and therefore be missed by FDG PET [10]. As
most tumor vasculature endothelial cells and many tumor
cells express integrin 0,33, suitably labeled RGD peptides
might be a potentially more advantageous surrogate marker
than FDG for early detection of some cancer types.

2). Patient Stratification

It is anticipated that there will be great variance in tracer
accumulation in different tumor types, which indicates a
great diversity in integrin receptor expression. This will
indicate the importance of quantitative imaging of tumor
integrin for patient stratification, allowing for appropriate
selection of integrin positive patients entering clinical trials
for anti-integrin treatment.
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Fig. (5). Molecular imaging of tumor integrin expression may provide new insights into the mechanism of tumor angiogenesis and
anti-angiogenic treatment efficacy in addition to simple lesion detection. RGD peptide based PET tracers are expected to supersede
FDG for slowing growing tumors such as prostate cancer that exhibit only slightly increased glucose metabolism but have
overexpressed integrin expression on both cells and tumor vessels. Quantitative visualization of tumor integrin can be used for
patient stratification to accurately document a3 levels, this provides evidence for selecting appropriate patients into clinical trials
for personalized anti-integrin treatment and to follow treatment efficacy. Receptor occupancy studies may also aid in dosage and dose
interval selection for tailored dose optimization. Optimized probes for integrin imaging purpose may be easily adapted to develop
new drugs for better tumor localization and retention with minimal non-specific accumulation. The same principle for integrin-based

molecular imaging is applicable to molecular imaging in general.

3). Treatment

Monitoring. The intrinsic redundancy of signaling
mechanisms associated with angiogenesis will lead to partial
or complete resistance of the tumor vessel to therapy. Non-
invasive visualization and quantification of tumor integrin
levels may be applied to detect early response to anti-
integrin treatment and help to elucidate the mechanisms of
treatment efficacy underlying integrin signaling.

4). Dose Optimization

Using an established PET tracer for o-integrin receptor
expression imaging, one can expect to measure the degree to
which administration of a peptide or antibody based integrin
antagonist compete with the radiotracer/integrin binding. By
this means, one can determine receptor binding potential as
well as the percentage of receptor occupancy by administered
drug when given in various doses and routes of
administration. Furthermore, receptor occupancy studies as a
function time after drug administration can be used to
establish a favorable dosing interval for the cytostatic drug.

5). New Drug Development/Validation

In vitro receptor binding affinity and specificity may not
directly reflect in vivo tumor receptor occupancy due to the

in vivo effects on binding kinetics. PET imaging in
combination with radiolabeled RGD peptides might be a
useful tool for studying structure-activity relationships for
new anti-integrin drugs. Rapid characterization of
pharmacokinetics and pharmacodynamics by in vivo imaging
will inevitably improve data quality, reduce costs and
animal numbers used and, most importantly, decrease the
work-up for new compounds. The studies with microPET
can be directly translated into clinical PET since the features
of small animal PET imaging studies closely reflect the
settings of clinical PET study for human beings.

6). Combination of Molecular and Functional Imaging

The combination of molecular and anatomical/functional
imaging techniques in assessing tumor angiogenesis and in
response to anti-angiogenic based therapy will be a powerful
tool. Whereas anatomical/functional imaging with better
resolution is aimed at identification of a tumoral mass and
the assessment of its size and vascularization, PET imaging
of integrin expression is better suited for receptor
characterization. A multi-modality approach for tumor
angiogenesis imaging is therefore the best strategy. The new
generation clinical PET-CT [48] will facilitate this by
allowing simultaneous PET and CT studies which may be
difficult or even impossible with either imaging modality
alone.
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Tumor integrin expression imaging is given as an
example here to demonstrate how molecular imaging can
provide a robust platform for the understanding of
mechanisms of tumor angiogensis and for the evaluation of
novel anti-angiogenic and proangiogenic therapies.
Questions remain on how to improve the sensitivity and
resolution of molecular imaging technologies and to develop
optimal molecular imaging probes as surrogate markers to
pinpoint and monitor specific molecular and cellular actions
of angiogenesis inhibitors. Whether the magnitude of tracer
accumulation is a true reflection of integrin o33 expression
remains unclear and needs to be developed. The combination
and/or fusion of anatomical/functional/molecular imaging
techniques will be involved to make this happen.
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A Thiol-Reactive '®F-Labeling Agent, N-[2-(4-'°F-
Fluorobenzamido)Ethyl|Maleimide, and Synthesis
of RGD Peptide-Based Tracer for PET Imaging
of a,B3 Integrin Expression

Weibo Cai*, Xianzhong Zhang*, Yun Wu, and Xiaoyuan Chen
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Stanford, California

The cell adhesion molecule integrin o, B3 plays a key role in tumor
angiogenesis and metastasis. A series of 8F-labeled RGD pep-
tides have been developed for PET of integrin expression based
on primary amine-reactive prosthetic groups. In this study we in-
troduced a new method of labeling RGD peptides through a thiol-
reactive synthon, N-[2-(4-'8F-fluorobenzamido)ethyllmaleimide
('8F-FBEM). Methods: '8F-FBEM was synthesized by coupling
N-succinimidyl 4-'8F-fluorobenzoate ('8F-SFB) with N-(2-amino-
ethyl)maleimide. After high-pressure liquid chromatography pu-
rification, it was allowed to react with thiolated RGD peptides,
and the resulting tracers were subjected to receptor-binding as-
say, in vivo metabolic stability assessment, biodistribution, and
microPET studies in murine xenograft models. Results: Conju-
gation of monomeric and dimeric sulfhydryl-RGD peptides with
18F-FBEM was achieved in high yields (85% *+ 5% nondecay-
corrected on the basis of 8F-FBEM). The radiochemical purity
of the '8F-labeled peptides was >98% and the specific activity
was 100~150 TBg/mmol. Noninvasive microPET and direct tis-
sue sampling experiments demonstrated that both '8F-FBEM-
SRGD (RGD monomer) and '8F-FBEM-SRGD2 (RGD dimer)
had integrin-specific tumor uptake in subcutaneous U87MG gli-
oma and orthotopic MDA-MB-435 breast cancer xenografts.
Conclusion: The new tracer '8F-FBEM-SRGD2 was synthesized
with high specific activity via 18F-FBEM and the tracer exhibited
high receptor-binding affinity, tumor-targeting efficacy, meta-
bolic stability, as well as favorable in vivo pharmacokinetics.
The new synthon 8F-FBEM developed in this study will also be
useful for radiolabeling of other thiolated biomolecules.

Key Words: thiol-reactive synthon; '8F-FBEM; microPET; '8F
labeling; integrin o33
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The o,B5 integrin, which binds to arginine-glycine-
aspartic acid (RGD)-containing components of the interstitial
matrix, such as vitronectin, fibronectin, and thrombospondin,
is significantly upregulated on endothelium during angio-
genesis but not in quiescent endothelium (/,2). The special
role of integrin o33 in tumor invasion and metastasis arises
from its ability to recruit and activate matrix metalloproteinase
MMP-2 and plasmin, which degrade components of the
basement membrane and interstitial matrix (3). Integrins
expressed on endothelial cells modulate cell migration and
survival during angiogenesis, whereas integrins expressed on
carcinoma cells potentiate metastasis by facilitating invasion
and movement across blood vessels (2,4). Antagonists of
integrin o, (antibodies, peptides, and peptidomimetics)
can inhibit tumor angiogenesis, tumor growth, and metastasis
in vivo (5). The ability to noninvasively visualize and quantify
tumor integrin o3 expression level will provide new
opportunities to document tumor (tumor cells and sprouting
tumor vasculature) integrin expression, to more appropri-
ately select patients for antiintegrin treatment, and to monitor
treatment efficacy in integrin-positive patients.

Over the last several years, significant advances have
been achieved in developing novel probes for multimodal-
ity molecular imaging of tumor integrin expression (6).
Small molecules, peptides, peptidomimetic integrin o33
antagonists, and antibodies have been labeled with radio-
isotopes, superparamagnetic nanoparticles, fluorescent dyes,
quantum dots, and microbubbles for PET, SPECT, MRI,
near-infrared fluorescence, and ultrasound imaging of small
animals, mostly tumor models (6,7). Because of the high
sensitivity and adequate spatial and temporal resolution of
PET, development of PET probes for integrin expression
imaging is currently the most active among all of these
modalities.

Cyclic RGD peptide was first labeled with '8F by
Haubner et al. and the resulting '8F-galacto-RGD exhibited
integrin o, 33 —specific tumor uptake in an integrin-positive

No. 7 = July 2006



M21 melanoma xenograft model (8,9). Initial clinical trials
in healthy volunteers and a limited number of cancer pa-
tients revealed that this tracer can be administered safely to
patients and is capable of delineating certain lesions that
are integrin positive with some indication of integrin o33
expression level in vivo (9,10). We labeled a series of
mono-, di-, and tetrameric RGD peptides with '8F or ®*Cu
for integrin-positive tumor targeting (//—19). In particular,
the dimeric RGD peptide-based tracer 'SF-FRGD2 was
found to be able to visualize and quantify the integrin
expression level in vivo (/1,12).

Radiofluorination of RGD peptides generally uses '8F-
synthons such as N-succinimidyl 4-'8F-fluorobenzoate ('8F-
SFB) (20,21) or p-nitrophenyl '8F-fluoropropionate (!8F-NFP)
(22) to form a stable amide bond by reacting with primary
amino groups of RGD peptides. It was also reported that
oxoamino derivatives of RGD peptides react with 4-18F-
fluorobenzaldehyde (8F-FBA) under acidic condition to form
an oxime (23). A few '8F labeled thiol-reactive reagents have
been reported in the literature—namely, 1-(4-'8F-fluorophe-
nyl)pyrrole-2,5-dione ('8F-FPPD) (24), N-[3-(2,5-dioxo-2,5-
dihydropyrrol-1-yl)phenyl]-4-'8F-fluorobenzamide ('*3F-DDPFB)
(24), 1-[3-(2-('8F-fluoropyridin-3-yloxy)propyl]pyrrole-2,
5-dione (*8F-FPyME) (25), and N-[4-[(4-'8F-fluorobenzyl-
idene)aminooxyl]butyl]maleimide  ('3F-FBABM)  (26).
However, no in vivo microPET data have been reported
on tracers synthesized using these prosthetic groups. In
this study, we developed a new thiol-reactive synthon, N-[2-
(4-'8F-fluorobenzamido)ethyl]maleimide (‘*F-FBEM), for
I8F Jabeling of thiol-containing molecules. Two thiolated
RGD peptides were labeled with '8F through '8F-FBEM
and tested in murine xenograft models.

MATERIALS AND METHODS

Unless otherwise specified, all chemicals were of analytic grade
and commercially available. RGD peptides were synthesized as
previously reported (/7,12). N-Succinimidyl S-acetylthioacetate
(SATA), hydroxylamine-HCI, and tris(2-carboxyethyl)phosphine
hydrochloride (TCEP-HCI) were purchased from Pierce Bio-
technology, Inc. N-(2-Aminoethyl)maleimide trifluoroacetate salt,
4-fluorobenzonic acid, N,N,N',N'-tetramethyl-O-(N-succinimidyl)
uronium tetrafluoroborate (TSTU), N-hydroxysuccinimide (NHS),
and N,N-diisopropylethylamine (DIPEA) were purchased from
Sigma-Aldrich. No-carrier-added '8F-F~ was obtained from the
in-house PETtrace cyclotron (GE Healthcare). The '8F-F~ was
provided in a mixture solution of K,CO3 (2 mg/mL in water) and
Kryptofix 2.2.2. (Sigma-Aldrich; 10 mg/mL in acetonitrile). The
semipreparative reversed-phase high-pressure liquid chromatog-
raphy (RP-HPLC) system was reported earlier (/2). Reversed-
phase extraction C;g Sep-Pak cartridges (Waters) were pretreated
with methanol and water before use.

The SATA-RGD peptides were prepared following the protocol
supplied by the vender. Briefly, c(RGDyK) or E[c(RGDyK)],
(5 pmol) in 1 mL 50 mmol/L Na,B,O buffer (pH 8.5) was mixed
with 100 L. SATA solution in dimethyl sulfoxide (DMSO;
6 pmol). After the reaction had gone to completion as shown by
analytic RP-HPLC, it was quenched by 100 wL 2% trifluoroacetic

acid (TFA) in water. The crude product was lyophilized without
purification. The yield of SATA-c(RGDyK) (HPLC retention time
[R¢], 12.1 min) was 95% and that of SATA-E[c(RGDyK)], (R,
13.6 min) was 65% on the basis of analytic RP-HPLC.

The crude SATA-RGD peptides (20 mg) were dissolved in 1 mL
water and 100 wL of 0.5 mol/L hydroxylamine solution were added.
The pH was adjusted to 6.0. After 2 h, sulthydryl-c(RGDyK) and
sulfhydryl-E[c(RGDyK)], (denoted as SRGD and SRGD?2, respec-
tively) were purified by semipreparative RP-HPLC. The overall
yield was 80% and 50% for SRGD (R, 10.7 min) and SRGD2 (R,,
13.1 min), respectively; little or no dimerization was observed for
either peptide when stored under acidic condition (pH 3). MALDI-
TOF MS (matrix-assisted laser desorption/ionization time-of-flight
mass spectroscopy): SRGD, Cy9Hy43N9O0S, calculated 693.3, ob-
served 694.5 ([M+H]"); SRGD2, CgHgoN;9O,S, calculated
1,423.6, observed 1,422.7 (IM+H]™).

N-(2-Aminoethyl)maleimide (5 pwmol) in 200 L acetonitrile,
N-succinimidyl 4-fluorobenzoate (4.5 pmol) in 100 pL acetoni-
trile, and 500 p.L 50 mmol/L Na,B,O- buffer (pH 8.5) were mixed
and reacted at 50°C for 20 min. The reaction was quenched by
adding 100 L 2% TFA in water. HPLC purification gave FBEM
in 85% yield. 'H NMR (chloroform-d, 400 MHz): 7.79—7.76 (m,
2H, phenyl o-H); 7.26—7.09 (m, 2H, phenyl m-H); 6.75 (2H,
CH=CH); 3.86—3.65 (m, 4H, CH,—CH,).

The sulfthydryl-RGD peptides (0.5 pmol) were dissolved in
0.5 mL phosphate-buffered saline (PBS, pH 7.4; Invitrogen Corp.).
FBEM (0.55 pwmol) was dissolved in 200 p.L acetonitrile and added
to the solution. After 30 min, the reaction mixture was subjected to
HPLC purification. FBEM-SRGD (R,, 14.8 min) and FBEM-
SRGD2 (R, 15.2 min) were obtained with 80% yield. MALDI-
TOF MS: FBEM-SRGD, C42H54FN1 IOIZS, calculated 9561,
observed 956.7 ((M+H]"); FBEM-SRGD2, C;3HosFN,;0,,S,
calculated 1,672.5, observed 1,673.5 (M+H] ™).

Radiochemistry

I8F_.SFB was synthesized as previously reported (/2,15) with
C,g Sep-Pak cartridge purification. It was dissolved in acetonitrile
(300 pL) and 1 mg N-(2-aminoethyl)maleimide in 500 pL
acetonitrile and 20 pL DIPEA were added. The reaction mixture
was heated to 40°C for 20 min and then quenched by addition of
50 pL TFA. HPLC purification gave '8F-FBEM (R,, 13.9 min;
total reaction time, 150 = 20 min with nondecay-corrected radio-
chemical yield of 5% * 2% on the basis of '8F-F~; specific ac-
tivity, 150~200 TBq/mmol).

ISF.FBEM was dissolved in 600 wL PBS buffer (pH 7.4);
0.2 mg of sulthydryl-RGD peptide in 50 pL. DMSO and 1.0 mg
TCEP-HCl in 0.1 mL water were then added. The pH was adjusted
to 7.0~7.5 using 0.2 mol/L NaOH solution. The reaction mixture
was kept at room temperature (r.t.) for 20 min. HPLC purification
gave 'SF-FBEM-SRGD (R, 14.9 min) and 'SF-FBEM-SRGD2
(R, 15.3 min) in 80% nondecay-corrected yield in both cases.
The radiotracers were reconstituted in PBS and passed through a
0.22-pm Millipore filter into a sterile vial for in vivo applications.
Nonreacted sulfhydryl-RGD peptides were baseline-separated
from the desired products during HPLC and the specific activity
of the tracers was 100—150 TBg/mmol.

Eppendorf microcentrifuge tubes containing 500 L of octanol,
500 pL of normal saline, and ~370 kBq of '®F-FBEM-SRGD or
ISE_.FBEM-SRGD?2 were vortexed vigorously for 1 min. Each tube
was centrifuged at 14,000 rpm for 5 min and the activities in
20-pL aliquots of both organic and aqueous layers were measured
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by a y-counter (GMI, Inc.). The reported octanol/water partition
coefficient represents the mean = SD of 6 measurements.

In Vitro Cell-Binding Assay

Both US7MG and MDA-MB-435 cell lines were purchased
from American Type Culture Collection and the culture media
were obtained from Invitrogen Co. U87MG glioblastoma cells
were grown in Dulbecco’s modified Eagle medium (DMEM, low
glucose) and MDA-MB-435 breast cancer carcinoma cells were
grown in Leibovitz’s L-15 medium. Both cell lines were cultured
in the medium supplemented with 10% (v/v) fetal bovine serum
(FBS) at 37°C. In vitro integrin-binding affinities and specificities
were assessed via displacement cell-binding assays using '>°1-
echistatin as the integrin o, [33—specific radioligand. Both U§7MG
and MDA-MB-435 cells are integrin o,f; positive (/2). Cell-
binding assay were performed using US7MG cells. The cells were
harvested, washed twice with PBS, and resuspended (2 x 10° cells/
mL) in binding buffer (20 mmol/L Tris, pH 7.4, 150 mmol/L
NaCl, 2 mmol/L CaCl,, 1 mmol/L MgCl,, 1 mmol/L MnCl,, 0.1%
bovine serum albumin). Millipore 96-well filter multiscreen DV
plates (pore size, 0.65 pm) were seeded with 10° cells per well
and incubated with 12°I-echistatin (30,000 cpm/well) in the pres-
ence of increasing concentrations of different RGD peptide analogs
(0—1,000 nmol/L). The total volume in each well was adjusted to
200 pL. After incubation at r.t. for 2 h, the plates were filtered
through a multiscreen vacuum manifold and washed twice with
cold binding buffer. The filters were collected and the radioactiv-
ity was measured using a y-counter. The best-fit ICs, (inhibitory
concentration of 50%) values for US7MG cells were calculated by
fitting the data by nonlinear regression using GraphPad Prism
(GraphPad Software, Inc.). Experiments were performed twice
with triplicate samples.

Animal Models

All animal experiments were performed under a protocol
approved by the Stanford University Administrative Panel on
Laboratory Animal Care. The MDA-MB-435 breast cancer model
was established by orthotopic injection of 5 x 10° cells into the
left mammary fat pad of female athymic nude mice, whereas the
U87MG tumor model was obtained by injecting a mixture of 5 X
10° cells suspended in 50 pL medium and 50 pL Matrigel (BD
Biosciences) into the right front leg. The mice were used for
biodistribution and microPET imaging studies when the tumor
volume reached 300—400 mm?3 (3—4 wk after inoculation for
both US7MG and MDA-MB-435 tumors).

Biodistribution Studies

Female athymic nude mice bearing both U§7MG and MDA-MB-
435 tumors were injected with 1 MBq of '8F-FBEM-SRGD or '3F-
FBEM-SRGD2. The mice were sacrificed and dissected at 10, 30,
and 60 min after injection. Blocking experiment was performed by
coinjecting radiotracer with a saturating dose of c((RGDyK) (10 mg/
kg mouse body weight) and the mice were sacrificed at 60 min after
injection. Blood, tumor, major organs, and tissues were collected
and wet weighed (contents in the intestines were removed before
weighing). The radioactivity in the tissues was measured using a
v-counter. The results were calculated as percentage injected dose
per gram (%ID/g). For each mouse, the radioactivity of the tissue
samples was calibrated against a known aliquot of the injectate
and normalized to a body weight of 20 g. Values are expressed as
mean * SD for 3 animals per group.
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microPET and Image Analysis

PET scans were performed using a microPET R4 rodent model
scanner (Concorde Microsystems Inc.). The scanner has a computer-
controlled bed and 10.8-cm transaxial and 8-cm axial fields of
view (FOVs). It has no septa and operates exclusively in the
3-dimensional list mode. Animals were placed near the center of
FOV of the microPET scanner, where the highest image resolution
and sensitivity are available. Mice were injected with 3.7 MBq of
ISF.-FBEM-SRGD or 'F-FBEM-SRGD? via tail vein under iso-
flurane anesthesia. The 60-min dynamic (5 X 60 s, 5 X 120 s, 5 X
180 s, 6 x 300 s) microPET data acquisition (total of 21 frames)
was started about 3 min after radiotracer injection. Later time-
point static images were also acquired as 10-min static images
after obtaining a 1-h dynamic scan. The images were recon-
structed by a 2-dimensional ordered-subsets expectation maxi-
mum algorithm and no correction was applied for attenuation or
scatter (27).

For each microPET scan, regions of interests (ROIs) were
drawn over each tumor, normal tissue, and major organs by using
vendor software ASI Pro 5.2.4.0 on decay-corrected whole-body
coronal images. The maximum radioactivity concentration (accu-
mulation) within a tumor or an organ was obtained from mean
pixel values within the multiple ROI volume, which were con-
verted to MBg/mL/min by using a conversion factor. Assuming a
tissue density of 1 g/mL, the ROIs were converted to MBg/g/min,
and then divided by the administered activity to obtain an imaging
ROI-derived %ID/g.

Metabolic Stability

Athymic nude mice bearing U§7MG tumor were intravenously
injected 3.7 MBq of '8F-FBEM-SRGD2. The animals were sacri-
ficed 60 min after tracer injection. Blood, urine, liver, kidneys, and
tumor were collected. Blood was immediately centrifuged for 5 min
at 13,200 rpm. Organs were homogenized using an IKA Ultra-
Turrax T8 homogenizer (IKA Works Inc.), suspended in 1 mL of
PBS buffer, and centrifuged for 5 min at 13,200 rpm. After removal
of the supernatant, the pellets were washed with 500 L of PBS. For
each sample, supernatants of both centrifugation steps were com-
bined and passed through Sep-Pak C,g cartridges. The urine sample
was directly diluted with 1 mL of PBS and then passed through the
cartridge. The cartridges were washed with 2 mL of water and eluted
with 2 mL of acetonitrile containing 0.1% TFA. After removal of
acetonitrile, the residue was redissolved in 1 mL of water and
injected onto an analytic HPLC column. Radioactivity was moni-
tored using a solid-state radiation detector. The eluent was also
collected using a fraction collector (0.5 min/fraction) and the
activity of each fraction was measured by a y-counter.

Statistical Analysis

Quantitative data are expressed as mean * SD. Means were
compared using 1-way ANOVA and a Student ¢ test. P values <
0.05 were considered significant.

RESULTS

Chemistry

Both monomeric peptide SRGD and the dimeric peptide
SRGD2 were synthesized with good overall yield (80% for
SRGD and 50% for SRGD2, respectively). FBEM was
prepared by reacting SFB with N-(2-aminoethyl)maleimide
(90% yield). The conjugation of SRGD or SRGD2 with
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FBEM was performed at r.t. The resulting conjugates
FBEM-SRGD and FBEM-SRGD2 were purified by RP-
HPLC and confirmed by MALDI-TOF mass spectrometry.

I8F_SFB was synthesized following a previously reported
procedure (/2,15). 'SF-FBEM was obtained by coupling
I8F-SFB with N-(2-aminoethyl)maleimide (Fig. 1A). After
HPLC purification, the thiol-reactive synthon was allowed
to react with SRGD or SRGD2 at r.t. for 20 min. Starting
from '8F-F~, the total reaction time including final HPLC
purification was about 200 * 25 min. The overall decay-
corrected radiochemical yield was 20% * 4% (n = 5) for
both '8F-FBEM-SRGD (Fig. 1B) and '8F-FBEM-SRGD?2
(Fig. 1C). On the basis of '3F-FBEM, both reactions were

+

achieved in high yields (85% = 5% nondecay corrected),
virtually quantitative. The radiochemical purity of the '3F-
labeled peptides was >98% according to analytic HPLC.
The octanol/water partition coefficient (log P) for
IBF_.FBEM-SRGD was determined to be 0.93 * 0.02,
indicating the hydrophobic character of this tracer, whereas
I8F-FBEM-SRGD?2 was hydrophilic (log P = —1.69 * 0.02).

In Vitro Cell-Binding Assay

The cell-binding affinity studies of c¢(RGDyK),
E[c(RGDyK)],, FBEM-SRGD, and FBEM-SRGD2 with
U87MG cells are summarized in Figure 2. All 4 peptides
inhibited the binding of '>*T-echistatin to U87MG cells in a
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FIGURE 2. Cell-binding assay of c(RGDyK), E[c(RGDyK)],
FBEM-SRGD, and FBEM-SRGD2 using U87MG cells (integrin
ayBs—positive human glioblastoma). The cell-binding affinity of
the peptides was determined by performing competitive dis-
placement studies with 125]-echistatin. ICsq values for c(RGDyK),
E[c(RGDyK)],, FBEM-SRGD, and FBEM-SRGD2 were 51.3 =+
4.2,26.1 = 3.2,66.8 = 5.1, and 55.1 = 6.5 nmol/L, respectively
(n = 6).

dose-dependent manner. The ICs, values for ¢(RGDyK),
E[c(RGDyK)],, FBEM-SRGD, and FBEM-SRGD2 were
513 +4.2,26.1 £3.2,66.8 = 5.1, and 55.1 £ 6.5 nmol/L,
respectively, indicating that FBEM conjugation had mini-
mal effect on the integrin-binding avidity of the RGD pep-
tides.

Biodistribution

Biodistribution of '3F-FBEM-SRGD and '8F-FBEM-
SRGD2 was determined in athymic nude mice bearing
both US7MG and MDA-MB-435 tumors and the results are
shown in Figure 3. For '8F-FBEM-SRGD (Fig. 3A), the
U87MG and MDA-MB-435 tumor uptakes were 1.33 *
0.28 and 1.43 = 0.11 %ID/g, respectively, at 60 min after
injection. When blocked by coinjection of c¢(RGDyK) at a
dose of 10 mg/kg body weight, the tumor uptake decreased
to 0.40 = 0.02 %ID/g for the US7MG tumor (P < 0.05
when compared with the U87MG tumor without blocking)
and 0.77 £ 0.04 %ID/g for the MDA-MB-435 tumor (P <
0.05 when compared with the MDA-MB-435 tumor with-
out blocking), respectively. Intestine exhibited a high uptake
of BF-FBEM-SRGD (16.57 = 0.81 %ID/g when ¢(RGDyK)
was coinjected), most probably due to the relatively hydro-
phobic nature of the tracer, which is consistent with our pre-
vious result for '8F-FB-RGD (/8). For '8F-FBEM-SRGD?2
(Fig. 3B), the U§7MG and MDA-MB-435 tumor uptakes were
271 £0.19 and 5.25 % 0.17 %ID/g, respectively, at 60 min
after injection (P < 0.01 for US7MG and P < 0.001 for
MDA-MB-435 when compared with '3F-FBEM-SRGD).
When blocked by coinjection of c(RGDyK) at 10 mg/kg
body weight, the tumor uptake of U87MG tumor decreased
>5-fold to 0.52 = 0.26 %ID/g (P < 0.01). Blocking reduced
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the tumor uptake of both tracers to the background level (due
to nonspecific binding in normal organs), clearly indicating
integrin-specific binding. Kidney uptake of '8F-FBEM-
SRGD2 was high at an early time point (11.40 = 0.22
%ID/g at 10 min after injection), but the washout was also
fast. The 2 tracers exhibited different excretion routes due to
the difference in hydrophilicity. '8F-FBEM-SRGD is rela-
tively hydrophobic, therefore exhibiting mainly hepatobiliary
excretion, whereas '8F-FBEM-SRGD?2 is more hydrophilic
and mainly excreted through the kidney. It is worth noting that
more radioactivity accumulated in the MDA-MB-435 tumor
with time for '8F-FBEM-SRGD2 (Fig. 3B), which might be
due to the internalization of the tracer. A similar phenomenon
was observed in our previous studies for the '8F-FRGD2 tracer
(12). Comparing these 2 radiotracers, '*F-FBEM-SRGD2 has
significantly higher kidney and tumor uptake, whereas '8F-
FBEM-SRGD has much higher intestine uptake. There was no
major difference in the tracer uptake by other organs between
the 2 tracers.

microPET

Dynamic microPET scans were performed for both
radiotracers. Selected coronal images at different time
points after injection in a mouse bearing both subcutaneous
U87MG and orthotopic MDA-MB-435 tumors are shown in
Figure 4. High tumor activity accumulation was observed
as early as 6 min after injection for both tracers. For '8F-
FBEM-SRGD, the US§7MG and MDA-MB-435 tumor up-
takes were 1.27 and 1.04 %ID/g at 60 min after injection,
respectively, whereas the liver and kidney uptake were much
higher than that of the tumors. Up to 4 h after injection,
there is still a fair amount of activity accumulated in the
abdomen. '8F-FBEM-SRGD was excreted through both
liver and kidneys (Fig. 5A). For '8F-FBEM-SRGD?2, most
radioactivity in nontargeted tissues was cleared at 60 min
after injection. The uptakes in the U§7TMG, MDA-MB-435,
kidneys, liver, and lung at 60 min after injection were 2.14,
2.11, 4.00, 1.46, and 0.58 %ID/g, respectively. Time—activity
curves showed that this tracer excreted predominantly through
the renal route (Fig. 5B). When the microPET images of
these 2 radiotracers were compared, '8F-FBEM-SRGD2
had a much better tumor-to-background contrast and higher
tumor uptake, which makes it more suitable for future
clinical studies.

Static microPET scans with blocking were then per-
formed for '8F-FBEM-SRGD2 on U87MG tumor-bearing
mice (Fig. 6). When coinjected with 10 mg/kg of c(RGDyK),
the tracer uptake in the U87MG tumor dropped from 2.21
%ID/g to 0.94 %ID/g at 30 min after injection and from
1.73 %ID/g to 0.44 %ID/g at 60 min after injection, which
are essentially at the background level. Successful blocking
again confirmed the integrin a,(;—specific binding of the
radiotracer '®F-FBEM-SRGD2.

Metabolism of '®F-FBEM-SRGD2
The metabolic stability of '|F-FBEM-SRGD2 was also
determined in mouse blood and urine samples and in liver,
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kidneys, and U87MG tumor homogenates at 60 min after
tracer injection. The extraction efficiency for all organs was
>90% (Table 1). The lowest elution efficiency was found for
the US7MG tumor and the liver. HPLC analysis results of the
soluble fractions of all samples are shown in Figure 7. The
percentage of intact tracer was between 41.7% (urine) and
85.8% (kidney). Although we did not identify the composi-
tion of the metabolites, we found that all metabolites came
out earlier from the HPLC column than the parent compound.
The major metabolite peak was found at about 13 min for
almost all organs except the kidney. No defluoridation of 8F-
FBEM-SRGD2 was observed, as there is no bone uptake
visible in all of the microPET scans.

DISCUSSION

I8F labeling is generally achieved through 3 types of
functional groups: amino group, carboxylic acid group, and
sulfhydryl group. Most known !8F-labeling reagents for
peptides and protein react with the primary amino groups at
the N terminus or the lysine side chain. This can be

FIGURE 3. Biodistribution of '8F-
FBEM-SRGD (A) and '8F-FBEM-SRGD2
(B) in athymic nude mice bearing both
U87MG and MDA-MB-435 tumors at 10,
30, and 60 min after injection (n = 3).
Biodistribution of both tracers at 60 min
after injection when coinjected with 10 mg/
kg mice body weight of c(RGDyK) is also
shown.

achieved through active esters, aldehydes, imidates, or
azido functionalities. '8F-SFB is probably the most-often-
used active ester for '8F labeling via an acylation reaction
(12,15,21). Reductive amination using 4-'8F-fluorobenzal-
dehyde ('8F-FBA) (28), oxime formation using '8SF-FBA
(23,29), imidation reaction using 3-'8F-fluoro-5-nitrobenz-
imidate ('8F-FNB) (30), photochemical conjugation using
4-azidophenacyl '8F-fluoride ('8F-APF) (22), and alkylation
reactions using 4-'8F-fluorophenacyl bromide ('8F-FPB)
have been reported earlier (30). The major concern for
protein labeling using these reagents is the possible interfer-
ence with biologic activity: modification of one or more
lysines located at or near the active site could reduce the
binding affinity through steric hindrance if a bulky group is
added. '8F labeling of peptide or protein via the carboxylic
acid group at the C terminus or internal glutamic/aspartic
acid side chain is less common. Only 2 amines, 1-[4-('3F-
fluoromethyl)benzoyl]laminobutane-4-amine ('®F-FMBAA)
(31) and 4-'8F-fluorophenylhydrazine ('3F-FPH) (32), have
been reported for these amidation reactions.
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Thiol-reactive agents have been used to modify peptides
and proteins at specific sites, providing high chemoselec-
tivity as compared with amine and carboxylate-reactive
reagents (32,33). The disulfide bonds of a protein can be
reduced to enable modification using thiol-specific reagents
(34-36). More recently, site-directed mutagenesis was used
to place cysteine residues on the surface of proteins to

A 14- —o— US7TMG
—e— MDA-MB-435
12 —— Liver
10 4 —a— Kidney
—a— Lung
o —— Muscle
o
S
0 T T
0 50 100 150
Time after injection (min)
B 14- —e— MDA-MB-435
—— UB7TMG
127 —&— Liver
104 —=— Kidney
—— Muscle
D 8 —=— Lung
=]
R

(1] T T T ]
0 50 100 150 200

Time after injection (min)

FIGURE 5. Time-activity curves of '8F-FBEM-SRGD (A) and
18F-FBEM-SRGD2 (B) obtained from microPET scans. The
inflection point for tracer clearance is most likely due to the
slower metabolism during the dynamic scan when mice were
under anesthesia and body temperature was lowered.
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provide reactive sulthydryl groups (37,38). Several thiol-
reactive '8F-synthons have been described (24-26), all of
which bear a maleimide group allowing for thiol-specific
Michael addition reaction. The total synthesis time
(100—150 min) and radiochemical yield (10%—20% non-
decay corrected) of these synthons are comparable to '3F-
FBEM. However, no in vivo data have been reported on
tracers synthesized using these prosthetic groups.

We have labeled ¢(RGDyK) with '8F using '8F-SFB as a
prosthetic group (/8). The labeling yield was reasonably
good for in vivo imaging applications. The resulting '8F-
FB-RGD had good tumor-to-blood and tumor-to-muscle
ratios but also rapid tumor washout and unfavorable
hepatobiliary excretion, making it suitable only for visual-
izing lesions above the liver (e.g., breast cancer, head and
neck cancer, and brain tumor). Because the bent confor-
mation of c(RGDyK) has been optimized to fit into the deep
cleft between the a- and B-units of integrin o,Bs, it is
unlikely that one can further improve integrin affinity and
selectivity of the monomeric RGD peptide by fine tuning
the pentapeptide configuration (39). Therefore, the poly-
valency effect has been applied to develop dimeric and
multimeric RGD peptides, with repeating cyclic pentapeptide

5 %ID/g

0 %ID/g

60 min

30 min 60 min

FIGURE 6. Ten-minute static microPET scans of U87MG
tumor-bearing mice (arrows) injected with 3.7 MBq of '8F-
FBEM-SRGD2. (Left) Control mouse. (Right) Blocking with 10
mg/kg mouse body weight of c(RGDyK).

30 min

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 47 ¢ No. 7 ¢ July 2006



TABLE 1
Extraction and Elution Efficiency Data and HPLC Analysis
of Soluble Fraction of Tissue Samples at 60 Minutes
After Injection of '8F-FBEM-SRGD2

Organ or Extraction Elution Intact
tissue efficiency (%) efficiency (%) fraction (%)
Blood 91.5 94.9 80.7
Urine 100.0 99.3 M7
Liver 91.4 66.2 59.7
us7MG 91.0 66.2 77.5
Kidney 93.5 86.0 85.8

units connected by glutamates (/1,12,14,19,40). We have
found that '8F-FRGD2 ('®F-FB-E[c(RGDyK)],) had pre-
dominant renal excretion and almost twice as much tumor
uptake in the same animal model as compared with the
monomeric tracer 'SF-FB-RGD (//,12). The synergistic
effect of polyvalency and improved pharmacokinetics may
be responsible for the excellent imaging characteristics of
IBF_.FRGD?2. At late time points when most of the nonspe-
cific binding had been cleared, the tumor-to-background
ratio also had a linear relationship with the tumor integrin
levels, thus making it possible to quantify the tumor integrin
expression level in vivo with static PET scans using !8F-
FRGD?2. We are currently in the process of translating '8F-
FRGD2 into clinical trials. In parallel, we developed
I8F-FBEM as a prosthetic group for dimeric RGD peptide
labeling as well as for protein or engineered antibody
labeling through site-specific Michael addition with the
sulfhydryl group. The reaction between '®F-FBEM and the
thiolated RGD peptides was virtually quantitative. Al-
though '8F-FBEM-SRGD2 demonstrated integrin specific-
ity, as evidenced by effective inhibition of tumor activity
accumulation in the presence of a blocking dose of integrin
a3 antagonist c(RGDyK), whether it is able to quantify
integrin expression in vivo remains to be determined in
future studies. It is also worth noting that addition of the
thiolated RGD peptides to '3F-FBEM generates a new

Standard U87MGJ\ Blood J
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time (min) Time (min) Time (min)
Liver Urine J\/\ Kidney j\
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FIGURE 7. Metabolic stability of '8F-FBEM-SRGD2 in mouse
blood and urine samples and in liver, kidneys, and U87MG
tumor homogenates 60 min after injection. HPLC profile of
tracer itself (Standard) is also shown.

asymmetric center, resulting in 2 diastereomeric products.
Because we only observed one sharp peak in the analytic
HPLC for both '8F-FBEM-SRGD and '8F-FBEM-SRGD2,
it is very likely that such a small change was not detectable
by the HPLC system used.

This study demonstrated that '3F-FBEM could be used to
efficiently label peptides through the sulthydryl group. The
major advantage of '8F-FBEM lies in the fact that it can be
applied to label a variety of peptides, proteins, or oligonu-
cleotides containing sulthydryl groups. Because most pro-
teins contain Cys residues, whereas those that do not can be
easily engineered to incorporate a Cys residue without
compromising the biologic activity, it is expected that '8F-
FBEM will have wide applications in the near future for
development of novel tracers for in vivo PET.

CONCLUSION

The objective of the present work was to develop a new
thiol-reactive '8F-labeling reagent for the prosthetic label-
ing of peptides and proteins via selective conjugation with a
sulfhydryl group. '8F-FBEM was thus incorporated with
thiolated monomeric and dimeric RGD peptides via effi-
cient alkylation of the free thiol group though the maleimido
function. The advantage of labeling at the sulthydryl group
using '8F-FBEM over labeling at the primary amino group
using '8F-SFB was confirmed. The dimeric RGD peptide
labeled through the 'SF-FBEM strategy showed high
integrin affinity in vitro and effective tumor targeting in
vivo. The fast tracer clearance, good tumor-to-background
contrast, relatively good metabolic stability, and favorable
pharmacokinetics of 'SF-FBEM-SRGD2 promise further
investigation of this tracer in both preclinical and clinical
settings for documenting tumor integrin expression (such as
the correlation between the tumor uptake and the integrin
a,B3 expression level in vivo). '8F-FBEM also provides a
general method of labeling thiol-containing peptides, pro-
teins, antibodies, as well as 5’-thio-functionalized oligonu-
cleotides in high radiochemical yield and high specific
activity for successful PET applications.
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The cell adhesion molecule integrin o,fs is an important player in the process of tumor angiogenesis and metastasis. Antibodies,
peptides, peptidomimetics, and small molecule antagonists against integrin o,B; have been shown to induce endothelial apoptosis,

to inhibit tumor angiogenesis, and to increase endothelial permeability. The ability to quantitatively image integrin o,; expression
in vivo in a noninvasive manner may shed new light into the mechanism of angiogenesis and antiangiogenic treatment efficacy based
on integrin antagonism. Tumor integrin expression imaging will also aid in lesion detection, patient stratification, new anti-integrin
drug development/validation, as well as treatment monitoring and optimization. This review summarizes the recent advances in
multimodality imaging of tumor integrin o, f3; expression using magnetic resonance imaging (MRI), ultrasound, near-infrared (NIR)
Sfluorescence, single photon emission computed tomography (SPECT), and positron emission tomography (PET).

INTRODUCTION

Molecular Imaging

Molecular imaging refers to the characterization and
measurement of biological processes at the molecular level
(1,2). Conventional imaging modalities that detect anatomical
and functional changes of tumor vascularity during angiogenesis,
tumor growth, and upon antiangiogenic treatment provide little or
no information regarding the specific molecular markers on newly
formed blood vessels, tumor cells, and the molecular changes upon
therapy. Molecular imaging takes advantage of traditional diagnostic
imaging techniques and introduces molecular probes to determine
the expression of indicative molecular markers of the tumor devel-
opment at different stages (2-4). Detection of these molecular
markers permits much earlier diagnosis, earlier treatment, and better
prognosis. Subsequent profiling to identify suitable treatment targets
could lead to individualized therapy and treatment monitoring.
Molecular imaging technologies include, but are not limited to,
positron emission tomography (PET), single photon emission
computed tomography (SPECT), magnetic resonance imaging
(MRI), magnetic resonance spectroscopy (MRS), optical biolumi-
nescence, optical fluorescence, and ultrasound (2,5). In computed
tomography (CT), the images are obtained because tissues absorb
X-rays differently as they pass through the body, therefore providing
mainly anatomical information. Since CT signal is rarely specific at
the molecular level, it will not be discussed here.

Since many tumors are quite heterogeneous, tissue sampling
does not always represent the biochemical or pathological processes
of the disease. Furthermore, temporal studies usually need large
numbers of animals to be sacrificed at various time points to obtain
statistically significant results. Noninvasive imaging of genetic and
cellular processes at the molecular level will compliment the estab-
lished ex vivo molecular biological assays and provide both spatial
and temporal dimensions to our understanding of various diseases.
Two prerequisites need to be satisfied in order to image and quantify
biological processes in vivo noninvasively: (i) a probe composed
of a label that can be detected with high sensitivity and a ligand
that binds specifically and with high affinity to the target and (i) a
sensitive, high-resolution imaging instrument to detect the signal
noninvasively. In this review, we will highlight the recent advances
in developing molecular imaging probes and techniques targeting a
tumor-specific molecular marker, integrin o, f3s.

Tumor Angiogenesis and Metastasis

Angiogenesis, the formation of new blood vessels from preex-
isting blood vessels, is a fundamental process occurring during
tumor progression (6). Angiogenesis depends on the balance

6 Molecular Imaging

between pro-angiogenic molecules [vascular endothelial growth
factor (VEGF), fibroblast growth factor (FGF), epidermal growth
factor (EGF), etc.] and antiangiogenic molecules (angiostatin,
endostatin, etc.) (7,8). The fact that tumors are dependent on blood
supply has inspired many scientists to search for antiangiogenic
molecules and to design antiangiogenic strategies for cancer
treatment and prevention of cancer recurrence and metastasis
(9-11). Tumor angiogenesis differs significantly from physiological
angiogenesis. The differences include aberrant vascular structure,
altered endothelial cell-pericyte interactions, abnormal blood flow,
increased permeability, and delayed maturation (6,12). Most tumors
start growing as avascular dormant nodules until they reach a
steady-state level of proliferating and apoptosing cells. Angiogenesis
begins with perivascular detachment and vessel dilation, followed by
angiogenic sprouting, new vessel formation and maturation, and the
recruitment of perivascular cells. Blood-vessel formation continues
as the tumor grows, feeding on hypoxic and necrotic areas of the
tumor for essential nutrients and oxygen.

Cancer cells spread throughout the body by metastasis (13-16).
Metastasis occurs through several steps. First, cancer cells lose
E-cadherin-dependent intercellular adhesions, acquire a migratory
phenotype, detach from neighboring cells, penetrate the basement
membrane, and invade the interstitial matrix. Second, tumor cells
penetrate into blood vessels and lymphatic vessels and enter the
circulatory system, a process called intravasation. After reaching the
bloodstream, tumor cells often adhere to platelets and leukocytes,
forming emboli that stop in the microcirculation of target organs
more easily than individual tumor cells. Finally, metastatic cells exit
the bloodstream (extravasation) and undergo expansive growth
within the parenchyma of the target organ.

Role of Integrin o,3; During Tumor Progression
Molecules regulating angiogenesis include growth factor
receptors, tyrosine kinase receptors, G protein-coupled receptors
for angiogenesis modulating proteins, and integrins (6-8). Integrins
are a family of adhesion molecules consisting of two noncova-
lently bound transmembrane subunits (o. and ), both type |
membrane proteins with large extracellular segments that pair
to create heterodimers with distinct adhesive capabilities (17,18).
In mammals, 18 o and 8 B subunits assemble into 24 different
receptors. Increasing amounts of evidence now imply that integrin
signaling plays a key role in tumor angiogenesis and metas-
tasis (19-21). Integrins expressed on endothelial cells modulate
cell migration and survival during angiogenesis, while integrins
expressed on carcinoma cells potentiate metastasis by facilitating
invasion and movement across blood vessels. Efficient tumor
invasion requires partial degradation of the extracellular matrix
(ECM) at the invasion front. The matrix metalloproteinases (MMPs)
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are the major proteases involved in remodeling the ECM (15). The
o35 integrin, which binds to arginine-glycine-aspartic acid (RGD)-
containing components of the interstitial matrix, such as vitronectin,
fibronectin, and thrombospondin, is significantly up-regulated on
endothelium during angiogenesis but not on quiescent endothelium
(21-23). The special role of integrin o, in tumor invasion and
metastasis arises from its ability to recruit and activate MMP-2 and
plasmin, which degrade components of the basement membrane
and interstitial matrix (24). Research has shown that tumor
expression of integrin o, 35 correlates well with tumor progression in
several malignancies such as melanoma (25), glioma (26), ovarian
cancer (27), and breast cancer (28,29). Inhibition of o,-integrin
activity by monoclonal antibodies (MAbs), cyclic RGD peptide
antagonists, and peptidomimetics has also been shown to induce
endothelial cell apoptosis (30), to inhibit angiogenesis (20), and to
increase endothelial monolayer permeability (31).

Integrin 0., 3; as the Imaging Target

For a targeting approach aimed at monitoring tumor angio-
genesis and metastasis, the sufficient level of accessible tumor
specific targets is essential for the detection and delineation of
lesions from background by imaging technologies. Integrin o33,
the most extensively studied in the integrin family, serves as an
excellent molecular marker for tumor angiogenesis and metastasis
imaging, since it is not readily detectable in quiescent vessels but
becomes highly expressed in angiogenic vessels (19). The ability to
noninvasively visualize and quantify integrin o33 expression level
will provide new opportunities to document tumor (tumor cells and
sprouting tumor vasculature) integrin expression, to more appro-
priately select patients for anti-integrin treatment, and to monitor
treatment efficacy in integrin-positive patients. Several review
articles on tumor angiogenesis imaging have partially covered some
integrin targeting approaches (32,33). In this review article, recent
advances in both nonradionuclide (MRI, ultrasound, and optical)
and radionuclide imaging (SPECT and PET) of tumor integrin o33
will be summarized.

NONRADIONUCLIDE IMAGING OF
INTEGRIN o,; EXPRESSION

Magnetic Resonance Imaging

The major advantage of MRI over radionuclide or optical imaging
is its higher spatial resolution (usually submillimeter level). However,
MRI is many orders of magnitude less sensitive than radionuclide
and optical techniques, which means that much larger amounts
of molecular probes must be retained at the target for detectable
MRI signal (34). High mass amounts of probe can be toxic, and this
must be carefully studied before any MRI probe is translated into
the clinic. The inherent low sensitivity of MRI can be only partially
compensated by working at relatively high magnetic fields (4.7-14
T), using hardware and software dedicated to small animal imaging
and much longer acquisition times during imaging.

In an animal model, Sipkins et al. first demonstrated the use of
antibody-coated paramagnetic liposomes (300-350 nm in diameter)
containing Gd3* for MRI imaging of integrin o35 expression (35).
Imaging of a rabbit model of squamous cell carcinomas (V2) was
achieved by directly targeting paramagnetic agents to the angio-
genic vasculature using LM609, a mouse anti-human integrin o35
MADb (Figure 1). Anderson et. al. (36) also reported site-directed
contrast enhancement of angiogenic vessels in vivo using antibody-
coated MRI contrast agent. The targeted contrast agent consists
of Gd-perfluorocarbon nanoparticles conjugated to integrin o35
antibody DM101 (400-700 nm in diameter). The study was carried
out in a rabbit corneal micropocket model, where neovasculature
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was induced in the cornea using basic FGF. However, only a modest
increase (<25%) in the average MR signal intensity was observed
after 90 min.

Winter et al. attached peptidomimetic integrin o,[3; antagonist
to magnetic nanoparticles for MRI imaging under common clinical
field strength of 1.5 T (37,38). Two animal models were used, New
Zealand white rabbits implanted with Vx-2 tumors and an athero-
sclerosis model. In the Vx-2 model, integrin o, 3;-targeted paramag-
netic nanoparticles increased MRI signal dramatically in the
periphery of the tumor at 2 h postinjection (p.i.). Similar increases
in MR contrast were also observed within the walls of some vessels
proximate to the tumor. Despite the relatively large size (about 270
nm in diameter), these nanoparticles penetrated into the leaky
tumor neovasculature but did not migrate into the interstitium in
an appreciable amount, since only marginal increase in MR signal
was observed at 2 h (characteristic of passive targeting rather than
integrin-specific targeting). Immunohistochemistry of integrin o35
confirmed the extent and distribution of neovascularity observed by
MRI. In the atherosclerosis model, enhancement in the MR signal
was also observed among rabbits that received integrin-targeted
nanoparticles. Histology and immunohistochemistry confirmed the
proliferation of angiogenic vessels within the aortic adventitia of the
atherosclerotic rabbits as compared with control animals. Since this
integrin-targeting nanoparticle system can carry a variety of drugs in
its lipid membrane, it may have potential for simultaneous molecular
imaging and site-directed drug delivery for early atherosclerotic disease.

Very recently, athymic nude mice bearing human melanoma
tumors were also imaged using systemically injected o33 integrin-
targeted paramagnetic nanoparticles (25). Contrast enhancement
of neovascularity in animals that received targeted nanoparticles
increased significantly by 2 h as compared with nontargeted
paramagnetic nanoparticles. MRI results were also supported by
histology. This technique may be employed to noninvasively detect
small regions of angiogenesis associated with nascent melanoma
tumors, as well as to phenotype and to stage other integrin-positive
tumors in a clinical setting.

In all these studies, the targeted paramagnetic nanoparticles
are coated with either antibodies or small peptidic/peptidomimetic
integrin o3 antagonists. Coating the paramagnetic nanopar-
ticles with peptides or peptidomimetics is potentially better than
antibodies, since hundreds even thousands of peptides/peptidomi-
metics can be attached to the nanoparticles, which leads to much
higher local concentration of the ligand and higher binding affinity.
Moreover, not only do antibodies add to the already large size of
the nanoparticle contrast agents, antibody-coated contrast agents
also stay in the circulation system much longer while peptide- or
peptidomimetics-coated contrast agents home to the target faster
and that gives better contrast.

Ultrasound

Because of its low cost, high availability, and safety, ultrasonog-
raphy is the most commonly used clinical imaging modality. High-
frequency (>20 kHz) sound waves are emitted from a transducer
placed against the skin, and ultrasound images are obtained based
on the sound wave reflected back from the internal organs (39).
The ultrasound contrast is dependent on the sound speed, sound
attenuation, backscatter, and the imaging algorithm. Ultrasound
imaging using diagnostic ultrasound instrumentation operated in
the 7.5-15 MHz frequency range has been applied to several small
animal models.

Ellegala et al. reported the ultrasound imaging of tumor angio-
genesis using integrin o, Bs-targeted microbubbles (40). Athymic
nude rats were inoculated intracerebrally with U87MG human
glioma cells. On 2 or 4 weeks after implantation, contrast-enhanced
ultrasound (CEU) was performed using microbubbles (3-4 pum
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in diameter) targeted to integrin o3 by surface conjugation of
echistatin, a disintegrin containing an RGD sequence that can be
recognized by many membrane-associated adhesion receptors
including integrin o, 35. CEU perfusion imaging using nontargeted
microbubbles was also performed to determine tumor microvascular
blood volume and blood velocity. It was found that CEU signal from
targeted microbubbles in tumors increased significantly from 2 to 4
weeks. The signal was highest at the periphery of tumors, where
o~integrin expression was most prominent based on immunohis-
tochemistry, which correlated well with tumor microvascular blood
volume. In another study, the integrin o-targeting microbubbles
were prepared by conjugating echistatin (MBE) or the MAb against
murine o, (MBA) to the surface (41). Control microbubbles (MBC)
were also prepared. The microvascular behavior of these micro-
bubbles was assessed by intravital microscopy of the cremaster
muscle in mice treated for 4 days with the sustained release of FGF-
2. It was observed that microvascular retention was much greater
for MBE and MBA than MBC, where the microbubble retention was
minimal. The signal from targeted microbubbles (MBE and MBA)
also correlated quite well with the blood volume determined by CEU
perfusion imaging. In yet another study, hindlimb ischemia was
produced in rats by ligation of an iliac artery (42). Inmediately after
ligation and at subsequent intervals from 4 to 28 days, targeted CEU
imaging of integrin expression was performed using microbubbles
conjugated with echistatin. It was observed that iliac artery ligation
led to a 65%—-70% reduction in blood flow and oxygen tension. In
untreated ischemic muscle, blood flow and oxygen tension partially
recovered by weeks 2 to 4, and signal from integrin-targeted micro-
bubbles reached maximum between 4 to 7 days, which was before
the blood flow increase. FGF-2-treated muscle had a greater rate
and extent of blood flow recovery and greater signal intensity from
integrin-targeted microbubbles as compared to control animals.

Since acoustic destruction of “payload-bearing” microbubbles
may be used to deliver drugs or to augment gene transfection (43),
angiogenesis-targeted microbubbles may also have applications
in site-specific therapy for ischemic tissues or tumors. Of course,
further characterization of integrin o-targeted microbubbles in
physiological models of ischemia or tumor angiogenesis is needed to
validate these potential applications. So far, it is still unclear whether
this approach will lead to additional diagnostic and prognostic infor-
mation compared to those already used in the clinic.

Optical Imaging

One advantage of optical imaging is that multiple probes with
different spectral character could potentially be used for multichannel
imaging. The major drawback of optical imaging of living subjects is
the poor tissue penetration of light. Due to the limited penetration
and intense scattering of light, optical imaging will be only possible
in humans in limited sites such as the tissues and lesions close
to the surface of the skin, tissues accessible by endoscopy, and
intraoperative visualization. Even though optical imaging may not
be widely used in clinical settings, near-infrared (NIR; 700-900
nm) approaches provide opportunities for rapid and cost-effective
preclinical evaluation in small animal models before the more costly
radionuclide-based imaging studies, since the absorbance spectra
for all biomolecules reach minima in the NIR region, which provides
a clear window for in vivo optical imaging (44). Charged-coupled
device (CCD) cameras have been developed to more efficiently
detect the light emitted from the body (45), and fluorescence-
mediated tomography has also been developed recently (46). The
subject is exposed to continuous wave or pulsed light from different
sources, and multiple detectors arranged in a spatially defined
order in an imaging chamber are used to capture the emitted light.
Mathematical processing of this information gives the reconstructed

Figure 1. Magnetic resonance imaging (MRI) of tumor angiogenesis in vivo. (A) Axial images of an intramuscular tumor before (left) and after (right)
administration of integrin o.,f;-targeted liposomes. (B) Visualization of a subcutaneous tumor precontrast (left) and postcontrast (right). Adapted from

Reference 35.
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tomographic image. Improvement in the algorithm and extensive
mathematical validation is needed for practical implementation.

We first demonstrated that NIR fluorescent dye Cy™5.5 conju-
gated cyclic RGD peptide could be used to visualize subcutaneously
(s.c.) inoculated integrin-positive tumors (Figure 2) (47). In vivo
imaging with a prototype three-dimensional (3-D) small-animal
imaging system visualized subcutaneously U87TMG glioblastoma
xenograft with a broad range of concentrations of fluorescent probe
administered via the tail vein. The intermediate dose (0.5 nmol)
produced better tumor contrast than the high dose (3 nmol) and the
low dose (0.1 nmol) during 30 min to 24 h p.i., because of partial
self-inhibition of receptor-specific tumor uptake at high dose and the
presence of significant amount of background fluorescence at low
dose, respectively. Subsequently, Wang et al. also reported optical
imaging of tumor xenografts using an integrin o, 3s-targeted peptide
c(KRGD() labeled with fluorescent dyes Cy5.5 and IRDye800
(48,49). In vitro, the peptide-dye conjugates bound specifically to
integrin o, B;-positive tumor cells. When administered intravenously
(i.v.) into mice, dynamic imaging revealed that Cy5.5-c(KRGDf)
was rapidly taken up by KS1767 tumor (human Kaposi’'s sarcoma)
after bolus injection, and the uptake of Cy5.5-c(KRGDf) in tumor
regions were linearly increased with a dose of up to 1.5 nmol/mouse
(possibly integrin receptor saturation above this dose). However, the
tumor-to-background ratio was modest, and very low contrast was
observed in another integrin o, B3-positive M21 human melanoma tumor.

Burnett et al. (50) also reported the use of integrin o,Ps-
targeted optical probes both in vitro and in vivo. A series of aliphatic
carbamate derivatives of the nonpeptide integrin antagonists were
synthesized, and the binding affinity was determined by enzyme-
linked immunoabsorbent assay (ELISA) and cell adhesion inhibition
assays. They observed that a hydrophobic carbamate linker
increased the binding affinity of the parent compound for integrin
ouBs by 2- to 20-fold and demonstrated that the probe with a
neopentyl linker exhibited increased binding affinity and significant
tumor cell uptake in vitro as well as specific tumor accumulation and
retention in vivo. Very recently, Achilefu et al. (51) discovered that

10 min 30 min 1h 2h 4h

Experiment Block

B C

Figure 2. In vivo and ex vivo optical imaging of tumor xenografts. (A) In vivo near-infrared (NIR) fluores-
cence imaging of subcutaneously (s.c.) U87MG tumor bearing athymic nude mice after intravenously (i.v.)
injection of arginine-glycine-aspartic acid (RGD)-Cy5.5 conjugate (3 nmol). (B) Representative NIR images
(60° mounting angle) of tumor mice demonstrating blocking of RGD-Cy5.5 (0.5 nmol) uptake in the tumors
by co-injection of 10 mg/kg mice body weight of ¢(RGDyK). Pseudocolor fluorescence images of tumor bear-
ing mice were acquired 4 h postinjection (p.i.) of RGD-Cy5.5 (left, experiment) or RGD-Cy5.5 + RGD (right,
block). (C) Representative images of dissected organs of a tumor mouse sacrificed 4 h p.i. 1, U87MG tumor; 2,
muscle; 3, pancreas; 4, liver; 5, kidney; 6, spleen; 7, lung. Adapted from Reference 47.
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conjugating a presumably inactive linear hexapeptide GRDSPK with
an NIR carbocyanine molecular probe yielded Cyp-GRD that targets
integrin o, B5-positive tumors. In vivo, Cyp-GRD selectively accumu-
lated in tumors. Blocking studies with ¢(RGDfV) inhibited the uptake
of Cyp-GRD, suggesting that both compounds target the same
site of integrin o,f3s. Surprisingly, neither a Cypate-labeled linear
RGD peptide nor an "'In-labeled DOTA-GRD conjugate exhibited
specific tumor targeting. Ex vivo redox studies suggested that the
probe accumulation level in integrin o, 35-positive tumors might be
correlated with mitochondrial NADH concentration. More experi-
ments need to be carried out to fully understand this phenomenon,
and a docking experiment is needed to confirm whether
Cyp-RGD actually binds to the RGD binding domain in integrin
avﬁ:;.

Quantum dots (QDs) with size- and composition-tunable
fluorescence emission have high quantum yields and photosta-
bility suitable for optical imaging and multiplexing (52). We (53)
labeled QD705 (emission wavelength 705 nm) with a monomeric
RGD peptide ¢(RGDyK), and the resulting conjugate QD705-RGD
was tested for in vitro staining of several cancer cell lines, ex vivo
tissue staining, and in vivo tumor targeting. The in vitro cell staining
experiments demonstrated the specific integrin targeting ability of
QD705-RGD, and the fluorescence intensity correlated well with
the integrin level of the cell lines. The tumor signal of QD705-RGD
in nude mice U87MG xenografts steadily increased during the first
several hours and reached a peak at 6 h (tumor-to-muscle ratio of
about 3.6). QD705 had minimal tumor uptake, and no enhancement
was found throughout the study as compared to muscle. Most
of the injected particles accumulated in the liver, spleen, bone
marrow, and lymphatic systems, suggesting that the mononuclear
phagocytes of the reticuloendothelial system (RES), which can
mediate nonspecific uptake of circulating particulates are involved
in the clearance of some of the circulating QD705 and QD705-RGD
particles in the mice (54). Based on these results, an approach that
takes advantage of the high integrin targeting efficacy of the cyclic
RGD peptides, high stability and brightness of QD, and emission
wavelength in the NIR window will have
great potential in cancer diagnosis and
imaging as well as imaging-guided
surgery and therapy.

RADIONUCLIDE
IMAGING OF INTEGRIN
oyfB; EXPRESSION

Single Photon Emission
Computed Tomography

As its name suggests (single photon
emission), the source of SPECT images
are y-ray emissions (55). Internal
radiation is administered through a
low mass amount of pharmaceutical
labeled with a radioactive isotope,
which is then inhaled, ingested, or
injected. The radioactive isotope
decays and emits y-rays, which can be
detected by a y-camera. The y-camera
can be used in planar imaging to
obtain two-dimensional (2-D) images,
or in SPECT imaging, to obtain 3-D
images. The first object that an emitted
v-photon encounters after exiting the
body is the collimator that allows it to
travel only along certain directions to
reach the detector, to ensure that the
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position on the detector accurately represents the source of the
v-ray. SPECT imaging has a very low detection efficiency of <10-4
times the emitted number of y-rays because of the use of lead colli-
mators to define the angle of incidence. However, the advantage of
SPECT imaging is that it allows simultaneous imaging of multiple
radionuclides since y-rays emitted from different radioisotopes can
be differentiated based on the energy.

Janssen and coworkers (56) studied the in vivo behavior of the
radiolabeled dimeric RGD peptide E[c(RGDfK)], in the subcuta-
neous NIH:OVCAR-3 ovarian carcinoma xenograft model in BALB/c
nude mice. In/%Y and %mTc were incorporated through DOTA and
hydrazinonicotinamide (HYNIC) chelators, respectively (Figure 3).
Tumor uptake was as high as 7.5% injected dose (ID)/g (""'In-DOTA-
E[c(RGDfK)],) at 2 h p.i. or 6.0% ID/g (%mTc-HYNIC-E-[c(RGDfK)],)
at 1 h p.i.. Asingle injection of 9Y-DOTA-E[c(RGDfK)], at 37 MBq in
mice with small subcutaneous tumors caused a significant growth
delay as compared with control mice. However, increasing the
number of injections did not improve the therapeutic efficacy (57,58).
Moreover, the prominent renal uptake limits its potential in clinical
applications. Multimeric RGD peptides with even higher receptor
affinity and longer tumor retention time might be more suitable for
clinical translation.

RP748, an ""In-labeled quinolone that binds to integrin o, 33 with
high affinity, was recently studied both in vitro and in vivo to track
injury-induced vascular proliferation in rodents (59). This tracer
exhibits selective binding to activated o35 integrin, and activation
of integrin o33 by Mn2* led to increased cell binding. RP748 was
then injected into mice at 1, 3, or 4 weeks after left carotid injury,
and carotids were harvested for autoradiography. It was found that
the relative autographic intensity was higher at 1 and 3 weeks and

Figure 3. In vivo tumor imaging using ''In-labeled tracer. (A) Structure of
11n-DOTA-E-[c(RGDfK)],. (B) Scintigraphic image of three athymic BALB/c
mice with a subcutaneous NIH:OVCAR-3 tumor 2 h after injection of 1.8 MBq
11In-DOTA-E-[c(RGDfK)],, tumors are pointed out by arrows. Prominent activity
accumulations in the kidneys, liver, and intestines are also obvious. (C) Mouse injected
with 1.8 MBq of the 1'!In-labeled scrambled peptide DOTA-E-[c(RGKfD)], showed no

significant tumor uptake. Adapted from Reference 56.
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decreased significantly by 4 weeks after injury. Carotid o, and [3;
integrin expression peaked at 1 week and decreased by 4 weeks
after injury. The proliferation index obtained from Ki67 staining
exhibited a temporal pattern that correlates to RP748 uptake. In
vivo imaging of this radiolabeled integrin o, Bs-targeting agent
was performed in a canine model of postinfarction angiogenesis
(60). Serial in vivo dual-isotope SPECT imaging with RP748 and
99mTc-MIBI demonstrated focal radiotracer uptake in hypoperfused
regions where angiogenesis was stimulated. A 4-fold increase in
myocardial radiotracer uptake in the infarct region was observed,
which was confirmed by histological staining of o.,3; integrin. These
results demonstrated in vivo imaging of vascular cell proliferation-
associated states, whether focal, as in postangioplasty re-stenosis,
or diffuse, as in pulmonary hypertension, which may lead to better
understanding of pathophysiology, development of novel paradigms
for management of cardiovascular disease, as well as better risk
stratification of patients following myocardial infarction.

Positron Emission Tomography

To date, most of integrin targeted PET studies have been focused on
the radiolabeling of RGD peptide antagonists of integrin o33 due to its
high binding affinity (nanomolar to subnanomolar range for monomeric
and multimeric RGD peptides) (61-64). For early lesion detection,
acquisition of higher count statistics is particularly valuable for detecting
the fewest possible cells per unit volume with the least amount of radio-
activity. The sensitivity of PET is very high (10-1-10-12 M), and there is
no depth limitation for detecting tumor signal (1,65). Therefore, PET
imaging of tumor integrin expression is the most extensively studied
among all the modalities described above. The current status of RGD-
based PET probe development is reviewed next.

18F-Labeled RGD Peptides

Monomeric RGD peptide c(RGDyV) was first labeled
by Haubner et al. (61) with 125]. This tracer had rapid tumor
washout and unfavorable hepatobiliary excretion due to its
high lipophilicity, which limited its further application. Glyco-
sylation on the lysine side chain of a similar RGD peptide
c(RGDyK) decreased the lipophilicity and the hepatic uptake
(66). Another glycopeptide based on ¢(RGDfK) was then
labeled with 18F via 2-['8F]fluoropropionate prosthetic group,
and the resulting ['8F]galacto-RGD (Figure 4A) exhibited
integrin o, Bs-specific tumor uptake in integrin-positive
M21 melanoma xenograft model (62,67,68). It was also
demonstrated that ['8F]galacto-RGD is sensitive enough
to visualize o3 expression resulting exclusively from
the tumor vasculature using an A431 human squamous
cell carcinoma model, in which the tumor cells are integrin
negative. Quantitative analysis showed that uptake of
['8F]Galacto-RGD in the melanoma model is related to
o3 expression as determined by Western blot analyses.
Initial clinical trials in healthy volunteers and a limited
number of cancer patients revealed that this tracer can
be safely administered to patients and is able to delineate
certain lesions that are integrin-positive with reasonable
contrast (62,69). Therefore, this approach may help
in planning and optimizing therapeutic strategies targeting the
o, B3 integrin.

Despite the successful translation of ['8F]Galacto-RGD
into clinical trials, several key issues remain to be resolved.
(i) Tumor targeting efficacy—as a monomeric RGD peptide
tracer, it has relatively low integrin binding affinity and only
modest tumor standard uptake values (SUVs). Therefore,
tumors with low integrin expression level may not be
detectable. (i) Pharmacokinetics—although glycosylation
improved the pharmacokinetic behavior of the tracer to a
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certain degree, prominent activity accumulation in the liver, kidneys,
spleen, and intestines was still observed in both preclinical models
and human studies, which makes it difficult to visualize lesions in
the abdomen. (i) Quantification of integrin density—it is unclear
whether the tumor contrast from ['8F]galacto-RGD/PET is a true
reflection of tumor integrin o, expression level in vivo. In the
preclinical M21/M21-L model, there is moderate correlation between
tumor/background ratios (obtained from PET) and relative integrin
o33 expression level (from Western blot analyses) (Figure 4, B and
C). In the clinical trial, the kinetic modeling was carried out using
a two-tissue compartment model for the tumors and a one-tissue
compartment model for the muscle. The tracer uptake does not
seem to correlate with melanoma patient tumor grading and the
tumor metastatic potential. As shown in Figure 4D, a patient with
malignant melanoma stage IV and multiple metastases in the liver,
skin, and lower abdomen showed virtually no uptake of ['8F]Galacto-
RGD, while in Figure 4E, a patient with malignant melanoma stage
lllb and a solitary lymph node metastasis in the right axilla can
be detected.

Sutcliffe-Goulden et al. (70) labeled a linear RGD peptide with
'8F via solid-phase synthesis. Unfortunately, low metabolic stability
and low avidity of the linear RGD peptide did not give tumor contrast.
RGD peptides have also been labeled with 18F through electrophilic
substitution method (71). The direct fluorination strategy resulted
in multiple side products that were difficult to purify by high-perfor-
mance liquid chromatography (HPLC). The low specific activity
of the carrier-added product, in particular, makes such tracers
unsuitable for in vivo integrin imaging.

We labeled ¢(RGDyK) with '8F through a fluorobenzoyl prosthetic
group (Figure 5) (26,29,72). The resulting [*®F]FB-RGD had good
tumor-to-blood and tumor-to-muscle ratios but also rapid tumor
washout and unfavorable hepatobiliary excretion, making it only
suitable for visualizing lesions above the liver (e.g., breast cancer,
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head and neck cancer, and brain tumor). Rather than introducing
an amino sugar moiety to increase the hydrophilicity (62,67), an
amphiphilic polyethylene glycol (PEG) linker (MW = 3400) was
incorporated to improve the pharmacokinetics (26,73). PEGylation
significantly prolonged tumor retention without compromising the
desired rapid clearance of radioactivity from liver and kidneys, yet
it also reduced the receptor binding affinity of the RGD peptide. The
overall effect is that the tumor uptake is comparable to the unmod-
ified monomeric RGD peptide but with improved pharmacokinetics.
One disadvantage is that PEG is not a monodisperse compound,
which makes complete characterization of the tracer more difficult.

Since ¢(RGDyK) gives better in vivo imaging results than
c(RGDfK), due to its increased hydrophilicity (D-Tyr is more hydro-
philic than D-Phe), which gives lower liver uptake, and the bent
conformation of both peptides has been optimized to fit into the deep
cleft between the 0. and B units of integrin o8, it is unlikely that one
can further improve integrin affinity and selectivity of the monomeric
RGD peptide by fine-tuning the pentapeptide configuration (22,74).
Polyvalency effects have been applied to develop dimeric and
multimeric RGD peptides, with repeating cyclic pentapeptide units
connected by glutamates (28,56-58,63,75,76). Indeed, the dimeric
RGD peptide E[c(RGDyK)], exhibited one order of magnitude
higher binding affinity than the corresponding monomer ¢(RGDyK).
['8F]FB-E[c(RGDyK)], (abbreviated as [18F]FRGD2) (Figure 6A) had
predominant renal excretion and almost twice as much tumor uptake
in the same animal model as compared to the monomeric tracer
['8F]FB-c(RGDyK). The synergistic effect of polyvalency (77) and
improved pharmacokinetics may be responsible for the excellent
imaging characteristics of ['8F]FRGD2 (Figure 6B).

In order to quantify integrin o3 expression level in vivo,
graphical analyses of the dynamic microPET scans in several tumor
xenograft models, such as glioma, breast cancer, prostate cancer,
and non-small cell lung cancers were performed (78). The Logan
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Figure 4. Integrin o.,B; expression imaging in cancer patients using an RGD-based tracer. (A) Structure of [18F]Galacto-RGD. (B) Transaxial images of nude
mice bearing tumors with increasing amounts of o, ;-positive M21 cells (0% [M21-L], 25%, 75%, and 100% [M21]) 90 min postinjection (p.i.) obtained from
a small-animal positron emission tomography (PET) scanner show increasing tracer uptake in the tumor. (C) The correlation between tumor/background
ratios (obtained from PET) and relative integrin o,3; expression (obtained from Western blot analyses). (D) A patient with malignant melanoma stage IV and
multiple metastases in the liver, skin, and lower abdomen (arrows) showed marked uptake of [18F]FDG (left panel) but virtually no uptake of ['8F]Galacto-RGD
(right panel) using a clinical PET camera. (E) A patient with malignant melanoma stage IIIb and a solitary lymph node metastasis in the right axilla can be de-
tected by both ['8F]FDG (left panel) and ['8F]Galacto-RGD (right panel). RGD, arginine-glycine-aspartic acid. Adapted from Reference 62.
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plot (79) (Figure 6C) gave better fit than the Patlak analysis (80),
reflecting the reversible binding characteristics of ['8F]JFRGD2.
Since 125]-echistatin forms a sodium dodecyl sulfate (SDS)-stable
complex with integrin o, (resistant to 0.6% SDS) in the absence
of chemical cross-linkers, reducing conditions and heating (81), the
tumor integrin density can be quantified by SDS polyacrylamide gel
electrophoresis (SDS-PAGE)/autoradiography using 125l-echistatin
as radioligand. The binding potential (BP) thus calculated from the
Logan plot correlated well with the receptor density measured from
receptor autoradiography (Figure 6D). Most importantly, at late time
points when most of the nonspecific binding had been cleared, the
tumor-to-background ratio also had a linear relationship with the
tumor integrin levels (Figure 6F), thus making it possible to quantify
tumor integrin expression level in vivo with static PET scans and
['8F]FRGD2. Whether this tracer ['8F]FRGD2 will be translated into
the clinic to correlate between tumor-to-background ratios or SUVs
and tumor integrin expression level remains to be determined.

The initial clinical trial of [18F]Galacto-RGD boasts promising
future of RGD-based PET tracer for in vivo tumor imaging. This
tracer gives good contrast in most regions of the body except
for the urogenital tract and the liver and spleen, even though the
tracer itself is not quite optimal. Multimeric RGD peptides have
been reported to exhibit increased binding affinities in vitro and
improved tumor accumulation and tumor-to-background ratios
in preclinical rodent models as compared with the monomeric
compounds (28,58,63,64,78). Therefore, it is necessary to
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perform a side-by-side comparison to determine whether multi-
meric RGD-based tracers such as ['8F][FRGD2 may exhibit
more specific and more sensitive tumor targeting in both the
preclinical rodent model and in clinical trials. It is very likely that the
multimeric ligand approach will be used for performance optimi-
zation of RGD-based PET tracer development.

64Cu-Labeled RGD Peptides

For PET imaging of integrin o,fs; expression, '8F-labeled
RGD peptides will likely be the first choice, since ['8F]F- is readily
available from most medical cyclotron facilities. In addition to '8F-
labeled RGD peptides, 84Cu- and 8Y-labeled RGD peptides are also
of considerable interest. 84Cu [ty = 12.7 h; B* = 655 keV (19%);
B- = 573 keV (40%)] is an attractive radionuclide for both PET
imaging and targeted radiotherapy of cancer (82) while 88Y (t;, =
14.7 h) is usually used as a substitute of 90Y for pharmacokinetics
and dosimetry studies (83). PET imaging of tumors with low doses
of 64Cu-labeled RGD peptides could also be utilized to determine
individual radiation dosimetry prior to therapy with either high dose
64Cu- or 67Cu-labeled RGD peptides.

We initially labeled the DOTA-c(RGDyK) conjugate with 64Cu
for breast cancer imaging (29). The radiotracer exhibited moderate
tumor uptake with prominent liver and kidney retention. The
PEGylated analog, 84Cu-DOTA-PEG-c(RGDyK) showed signifi-
cantly reduced hepatic activity accumulation, higher renal uptake

Figure 5. PEGylation improves the in vivo kinetics of !8F-labeled RGD peptides. (A) Structure of [18F]FB-RGD and two-dimensional (2-D)
projection microPET image of U87MG tumor-bearing mouse 60 min after injection of [!F]FB-RGD. (B) Structure of [!8F]FB-
PEG-RGD (PEG M.W. = 3400) and 2-D projection image of U87MG tumor-bearing mouse 60 min after injection of [!F]FB-PEG-
RGD. 1, U87MG tumor; 2, gallbladder; 3, kidney; 4, liver; 5, intestines; 6, bladder; RGD, arginine-glycine-aspartic acid; PET, positron

emission tomography.
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at early time points, but more rapid clearance compared with 84Cu-
DOTA-c(RGDyK) (84). Although PEGylation at the lysine side chain
reduced the integrin binding affinity of the RGD peptide, the tumor
activity accumulation was virtually unaltered. However, the subop-
timal tumor uptake and retention of this PEGylated tracer limited its
further application for receptor radionuclide therapy.

Dimeric RGD peptides were then labeled with 84Cu, and their
tumor targeting efficacy in murine xenograft models was tested
(Figure 7A) (28). At all time points, activity accumulation of é4Cu-
DOTA-E[c(RGDyK)]; in tumors was significantly higher than that of
the D-Phe analog. Liver uptake of 84Cu-DOTA-E[c(RGDyK)], was
lower than the D-Phe derivative 84Cu-DOTA-E[c(RGDfK)], at early
time points but the difference became marginal over time. Overall,
84Cu-DOTA-E[c(RGDyK)], yielded better PET images in orthotopic
MDA-MB-435 bearing mice than did 84Cu-DOTA-E[c(RGDfK)],,
most likely attributed to the increased hydrophilicity of D-Tyr over
D-Phe. Both dimeric peptides showed better tumor retention than
the previously tested monomeric RGD counterparts, presumably
because of bivalency and the increase in apparent molecular size. In
both cases, the tumor uptake can be efficiently blocked by injection
of the unlabeled RGD peptide. PEGylated RGD dimer 64Cu-DOTA-
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PEG-E[c(RGDyK)], had similar blood clearance, more rapid renal
clearance, and significantly reduced hepatic uptake as compared
with €4Cu-DOTA-E[c(RGDyK)], (75). Rapid tumor localization
and high tumor-to-background contrast makes 84Cu-DOTA-PEG-
E[c(RGDyK)], a promising agent for integrin o,s-positive tumor
imaging. One striking observation is that it accumulated specifically
in both primary and metastatic lung tumor lesions (Figure 7B), while
FDG only delineates the primary tumor but none of the metastatic
sites because of high uptake of FDG in the heart area. However,
the significance of this finding may be slightly diluted by the fact that
the magnitude of tumor uptake is too low (<3% ID/g) for peptide
receptor radiotherapy applications.

Janssen et al. first applied the polyvalency strategy for SPECT
imaging using %mTc and "In-labeled dimeric RGD peptides (56,58).
Various reports have since demonstrated that the dimer gives
better in vivo kinetics as well as much improved imaging results.
Very recently, Wu et al. (64) developed a tetrameric RGD peptide
tracer 84Cu-DOTA-E(E[c(RGDfK)],), (Figure 8A) for integrin o3
imaging in a subcutaneous U87MG glioma xenograft model. The
RGD tetramer showed significantly higher integrin binding affinity
than the corresponding mono- and dimeric RGD analogs. The radio-

50EM2 9
R*=0.96
4DEM2
3DEM2 - .
20EM2 |
1DEM2 -

00NE+0 — . .
0 10 20 30

Bmax/mg Protein =

BP

5%I04 E  s500Em2 -

+ Smin after inpction I

400EH2 -
3N0EHM2 A
2N0EH2 A
100EH2 -

Bmax/mg Protein

0%ID4

0 D0E+00 +—%— - - T )
0 5 10 15 20 25
Tumor-to-Background Ratios

“

S00E2 1 280 min after ingction I

400EHM2 4

3N0EHM2 1
20N0EHM2 1

Bmax/mg Protein

100EH2 4

00N0E+)O - v
0 10 20 30 40

Tumor-to-Background Ratios

Figure 6. Quantitative imaging of integrin o,f; expression in vivo. (A) Structure of [18F]FB-E[c(RGDyK)]2 (abbreviated as [18F]FRGD2). (B) Dynamic
microPET study of U87MG tumor-bearing mouse over 60 min after injection of ['8F]FRGD2, static scans at 120 min and 180-min time points were also con-
ducted to complete the tracer kinetic study. Decay-corrected whole-body coronal images containing the tumor are shown. (C) Logan plots derived from 60-min
dynamic microPET imaging data showed excellent linearity of normalized integrated (Int) tumor activity versus normalized integrated muscle tissue activity
effective for t > 25 min. The curves for t < 25 min are shown in the inset. (D) Correlation analysis between tumor tissue receptor density [Bmax/mg protein
measured from sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)/autoradiography using 125I-echistatin as the radioligand] versus binding
potential (BP; calculated from the Logan plot transformation of dynamic microPET imaging data). (E) Tumor tissue receptor density versus tumor-to-back-
ground ratio at 5 min postinjection (p.i.) of ['*F]FRGD2. (F) Tumor tissue receptor density versus tumor-to-background ratio at 60 min p.i. of ['8F]FRGD2. PET,
positron emission tomography. Adapted from References 63 and 78.
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labeled peptide showed rapid blood clearance, predominant renal
excretion, significant receptor-mediated tumor uptake, and good
contrast in tumor mice. Tumor uptake was rapid and high, and the
tumor washout was slow (9.93 £ 1.05% ID/g at 30 min p.i. and 4.56
+ 0.51% ID/g at 24 h p.i.) (Figure 8B). This tracer was metaboli-
cally stable. The high integrin avidity and favorable biokinetics
make 84Cu-DOTA-E(E[c(RGDfK)],), a promising agent for peptide
receptor radionuclide imaging as well as radiotherapy of integrin-
positive tumors.

CONCLUSION AND FUTURE PERSPECTIVE

Significant advances have been achieved in developing novel
probes for multimodality molecular imaging of tumor integrin
expression. Small molecules, peptides, peptidomimetic integrin
o33 antagonists, and antibodies have been labeled with radioiso-
topes, superparamagnetic nanoparticles, fluorescent dyes, QDs,
and microbubbles for PET, SPECT, MRI, NIR fluorescence, and
ultrasound imaging of small animals, mostly tumor models. The
nanoparticles or microbubbles used for MRI or ultrasound imaging
has relatively large particle sizes (usually >200 nm) and typically
can not extravasate from the blood vessels. Therefore, they may
only be suitable for tumor vasculature imaging rendering limited
potential in the clinic due to less available targets as compared to
the small molecule tracers that can extravasate and therefore target

Gly
Y“NH Arg NH NH Arg

”OY ﬁ %h \/‘N NHy  HgNAoN /\/\Cg
m_CDFJLW'“JF UG WSS

HN__0
DTy L Lys

Gly

A

e

(oo ]

00Cc—

84Cu-DOTA-PEG-E[c(RGDYK)],

Figure 7. ¢*Cu-labeled tracer for integrin 0,,8; expression imaging. (A) The structure
2. (B, left panel) coronal image (15-min static scan) of
severe combined immunodeficiency (SCID)-bg mouse bearing both subcutaneous and
orthotopic NCI-H1975 tumors at 2 h after injection of ¢4Cu-DOTA-PEG-E[c(RGDyK)],.
Both primary tumors and metastases are clearly identified. (B, right panel) Whole body
digital autoradiograph of a 50-um-thick section correlating well with the coronal mi-
croPET image shown on the left. (B, panel labels) A, primary orthotopic tumor in the
upper lobe of the left lung; B, local metastasis of the primary tumor; C, contralateral lung
metastasis; D, metastasis in the diaphragm; E, subcutaneous tumor; F, liver. PET, positron

of #Cu-DOTA-PEG-E[c(RGDyK)]

emission tomography. Adapted from Reference 75.
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not only the tumor vasculature but also the tumor cells. Because of
the high sensitivity and adequate spatial and temporal resolution of
PET, development of PET probes for integrin expression imaging is
currently the most active among all these modalities. ['8F]Galacto-
RGD is already in clinical trials for cancer imaging. '8F-labeled RGD
dimer ['8F]JFRGD2 may outperform ['8F]Galacto-RGD because of
its higher receptor avidity and more favorable pharmacokinetics
as well as the ability to quantify integrin expression in vivo. &Cu-
labeled tetramer exhibited high and prolonged tumor retention and
rapid liver and kidney clearance resulting in good tumor-to-normal
organ ratios, which not only makes this tracer suitable for early
lesion detection but also for integrin-targeted radiotherapy. RGD
peptides may also be labeled with less common PET isotopes such
as 24| and 88Y, which can help guide '3l and %Y-RGD therapy,
respectively. Radiolabeled antibodies against integrin o33 have
not been well studied despite the fact that a humanized monoclonal
antibody Vitaxin® is already in phase Il clinical trials for treatment
of melanoma and prostate cancer patients (85,86). Development
of suitably labeled Vitaxin for imaging the pharmacokinetics and
pharmacodynamic of the systemically administered antibody or for
integrin-targeted radioimmunotherapy may need to be emphasized
for future studies.

Despite the fact that ['8F]galacto-RGD is already in early clinical
trials for documentation of integrin expression in cancer patients,
many other relevant integrin o, 3s-specific imaging probes
discussed in this review suffer from the slow translation
from bench to bedside. Multiple steps in preclinical devel-
opment, such as pharmacokinetics, dosimetry, imaging
feasibility, and investigational new drug (IND)-directed
toxicology, are necessary to convert a potential new
agent into a diagnostic drug candidate suitable for early
clinical testing. Emphasis on highly specific molecular
targets and processes has led to products with increased

o complexity and higher costs of development but smaller
market potential. This trend has effectively created a class

COOH of agents that investors consider too risky for commercial
development, but these agents may have the potential to

coo- influence diagnosis and treatment significantly. A general

strategy of angiogenesis imaging may thus be more
practical in the long run than very specific protein targets
(e.g., Her-2/Neu).

Tumor integrin expression imaging has potential clinical
applications in many aspects. The first aspect is lesion
detection. Despite the clinical success with [18F][FDG/PET
imaging, this tracer has several limitations. The tracer
can be nonspecifically taken up by several benign condi-
tions such as inflammatory disease, pneumonia, brown
fat, muscle, bowel uptake, and granulomatous disease.
Also, slow growing indolent tumors may exhibit only a
mild increase in glucose metabolism and therefore can be
missed by FDG PET (1,87). As most tumor vasculature
endothelial cells and many tumor cells express integrin
o,B3, suitably labeled RGD peptides might be a poten-
tially more advantageous surrogate marker than FDG for
more sensitive detection or detecting lower tumor burden.
The second aspect is patient stratification. Differences
in tracer accumulation in various tumor types suggest a
great diversity in integrin receptor expression. In light of
the differences in receptor expression and tracer accumu-
lation, quantitative imaging of tumor integrin becomes
very important as a mechanism to stratify and select
patients to enter clinical trials focused on anti-integrin
treatment. The third aspect is new drug development
and/or validation. Rapid characterization of pharmacoki-
netics and pharmacodynamics by multimodality in vivo
imaging of new tracers or anti-integrin drugs can improve
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data quality, reduce costs, reduce number of animals used, and
most importantly, decrease the work-up for new compounds. Fourth
is treatment monitoring and optimization. Visualization and quanti-
fication of tumor integrin levels by noninvasive molecular imaging
can be applied to detect early response to anti-integrin treatment
and to elucidate the mechanisms of treatment efficacy underlying
integrin signaling, therefore providing important information for
treatment optimization. Finally, the fifth aspect is the combination of
molecular and functional imaging. As the molecular imaging probes
get more specific regarding which leads to a visible signal in only
the tumor or other targeted tissue, anatomical and/or functional
imaging techniques are needed to identify the exact location of
the signal. The combination of molecular and anatomical and/or
functional imaging techniques in assessing tumor angiogenesis and
in response to antiangiogenic-based therapy will be a powerful tool,
and the new generation clinical PET-CT and microPET/microCT will
likely play a major role in cancer imaging for the years to come.
Tumor integrin o35 expression imaging is given as an example
here to demonstrate how molecular imaging can provide a robust
platform for understanding the mechanisms of tumor angiogenesis
and evaluating the efficacy of novel antiangiogenic therapies.
Further progress is needed to improve the sensitivity and resolution
of molecular imaging technologies and to develop optimal molecular
imaging probes as surrogate markers to pinpoint and monitor
specific molecular and cellular actions of angiogenesis inhibitors.
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Development of multimodality probes, for example, probes that
can give both PET and MRI signals, will be of significant value but
are currently unexplored. Other targets besides integrins, such as
VEGFR, MMP-2, etc., are also being studied for multimodality in
vivo imaging of tumor angiogenesis.
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Figure 8. ¢‘Cu-labeled tetrameric RGD-based tracer for integrin expression imaging. (A) Structure of DOTA-E(E[c(RGDfK)],),. (B) Decay-corrected
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The development of noninvasive methods to visualize and quan-
tify integrin a,B3 expression in vivo appears to be crucial for the
success of antiangiogenic therapy based on integrin antago-
nism. Precise documentation of integrin receptor levels will allow
appropriate selection of patients who will most likely benefit from
an antiintegrin treatment regimen. Imaging can also be used to
provide an optimal dosage and time course for treatment based
on receptor occupancy studies. In addition, imaging integrin ex-
pression will be important to evaluate antiintegrin treatment effi-
cacy and to develop new therapeutic drugs with favorable tumor
targeting and in vivo kinetics. We labeled the dimeric RGD pep-
tide E[c(RGDyK)], with 8F and evaluated its tumor-targeting ef-
ficacy and pharmacokinetics of '8F-FB-E[c(RGDyK)], ('8F-FRGD2).
Methods: E[c(RGDyK)], was labeled with 8F by conjugation cou-
pling with N-succinimidyl-4-8F-fluorobenzoate ('8F-SFB) under a
slightly basic condition. The in vivo metabolic stability of 18F-
FRGD2 was determined. The diagnostic value after injection of
18F-FRGD2 was evaluated in various xenograft models by dynamic
microPET followed by ex vivo quantification of tumor integrin level.
Results: Starting with '8F~ Kryptofix 2.2.2./K,COj solution, the
total reaction time for 8F-FRGD2, including final high-performance
liquid chromatography purification, is about 200 *+ 20 min. Typical
decay-corrected radiochemical yield is 23% =+ 2% (n = 20). '8F-
FRGD2 is metabolically stable. The binding potential extrapolated
from graphical analysis of PET data and Logan plot correlates
well with the receptor density measured by sodium dodecyl sulfate
polyacrylamide electrophoresis and autoradiography in various xe-
nograft models. The tumor-to-background ratio at 1 h after injection
of 18F-FRGD2 also gives a good linear relationship with the tumor
tissue integrin level. Conclusion: The dimeric RGD peptide tracer
18F-FRGD2, with high integrin specificity and favorable excretion
profile, may be translated into the clinic for imaging integrin o3
expression. The binding potential calculated from simplified tracer
kinetic modeling such as the Logan plot appears to be an excellent
indicator of tumor integrin density.

Key Words: molecular imaging; integrin o, 83; dimeric RGD pep-
tide; dynamic microPET; Logan plot

J Nucl Med 2006; 47:113-121

Received Jun. 14, 2005; revision accepted Sep. 19, 2005.

For correspondence or reprints contact: Xiaoyuan Chen, PhD, Department
of Radiology, 1201 Welch Rd., P095, Stanford University, Stanford, CA
94305-5484.

E-mail: shawchen@stanford.edu

Cell adhesion receptors of the integrin family, which are
responsible for a wide range of cell-extracellular matrix and
cell—cell interactions, have been well studied in many tumor
types (/). One of the most prominent members of this re-
ceptor class is a3 integrin, which is related to several
pathologic processes and is being investigated intensively
(2). The cell adhesion molecule integrin a3 is highly
expressed on activated endothelial cells (endothelial cells
undergo angiogenesis and vascular remodeling) and solid
tumor cells, particularly in pathways stimulated by vascular
endothelial growth factor (3-5). It is not expressed on mature
vessels or on nonneoplastic epithelium. The expression of
integrin 35 on sprouting capillary cells and its interaction
with specific matrix ligands has been shown to play a key
role in angiogenesis and metastasis (6). The ability to
noninvasively visualize and quantify o35 integrin expres-
sion level will provide new opportunities to document tumor
(tumor cells and sprouting tumor vasculature) receptor ex-
pression, more appropriately select patients considered for
antiintegrin treatment, and monitor treatment efficacy in
integrin-positive patients (7). Contrast-enhanced ultrasound
with microbubbles targeted to a, integrins expressed on the
neovascular endothelium has been used to image tumor
integrin status in addition to tumor microvascular blood
volume and blood velocity, which can be easily detected
with nontargeted microbubbles (8—10). In an animal model,
Sipkins et al. (/7) recently demonstrated that it is feasible
to image o33 expression using MRI and antibody-coated
paramagnetic liposomes. It has also been shown that near-
infrared fluorescent dye conjugated cyclic RGD peptide
was able to visualize subcutaneously inoculated integrin-
positive tumors (/2,13). To date, most of the studies have
been focused on developing suitably radiolabeled small
RGD peptide antagonists of a3 as radiopharmaceuticals
for SPECT and PET imaging applications (7,14).

For radionuclide imaging of integrin expression in vivo,
the tumor-targeting efficacy and in vivo kinetic profile are
highly related to the receptor-binding affinity and specific-
ity, hydrophilicity, molecular size, and overall molecular
charge of the resulting radiotracer. Initial studies with
18F-labeled monomeric RGD peptides indicated moderate
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initial uptake in integrin-positive tumors, but the rapid tumor
washout and unfavorable hepatobiliary excretion route of
this type of tracer limited their further applications, espe-
cially in an attempt to detect lesions in the lower abdomen
(15,16). The in vivo pharmacokinetics of the monomeric
RGD peptide tracers was significantly improved by incor-
poration of a heterofunctional sugar or poly(ethylene glycol)
moiety between the RGD peptide and the '8F-labeling pros-
thetic group (=)-2-'8F-fluoropropionate for RGD-containing
glycopeptide (/7-19) and 4-'8F-fluorobenzoyl for PEGylated
RGD peptide (20,21). Both compounds had fast blood clear-
ance, rapid and moderate tumor uptake, and moderate tumor
washout, resulting in a high tumor-to-background ratio.

We recently found that the receptor-binding character-
istics of dimeric and multimeric RGD peptides would be
better than that of monomeric RGD peptide based on
polyvalency (22-25). The receptor binding of the one RGD
domain significantly enhances the local concentration of
the other RGD domain in the vicinity of the receptor, which
may lead to a faster rate of receptor binding or a slower rate
of dissociation from the radiolabeled RGD dimer. The
dimeric RGD peptide with almost 1 order of magnitude
higher integrin-binding affinity than the monomeric analog
is thus labeled with '8F (24). '8F-FB-E[c(RGDyK)], ('8F-
FRGD,) showed predominant renal excretion and almost
twice as much tumor uptake in the same animal model as
compared with the monomeric tracer '8F-FB-c(RGDyK). In
this study we further evaluated this tracer in various pre-
clinical animal models to measure the metabolic stability
and to visualize and quantify integrin o3 expression
in vivo.

MATERIALS AND METHODS

Materials

All chemicals obtained commercially were used without further
purification. Dimeric RGD peptide E[c(RGDyK)], was synthe-
sized as previously described (22-25). No-carrier-added '8F-F~
was obtained from PETNET Inc. The '8F-F~ was trapped on
an anion-exchange resin and then eluted with 0.5 mL K,CO;5; (2
mg/mL in H,O) combined with 1 mL Kryptofix 2.2.2. (Sigma-
Aldrich) (10 mg/mL in acetonitrile).

Semipreparative reversed-phase high-performance liquid chro-
matography (HPLC) was accomplished by using a Dionex P680
chromatography system with a UVD 170U detector and a solid-
state radiation detector (model 105S; Carroll & Ramsey Asso-
ciates). Purification was performed with a Vydac 218TP510
protein and peptide column (5 pm; 250 X 10 mm). The flow rate
was 5 mL/min. The mobile phase was changed from 95% solvent
A (0.1% trifluoroacetic acid [TFA] in water) and 5% solvent B
(0.1% TFA in acetonitrile) (0-2 min) to 35% solvent A and 65%
solvent B at 32 min. The analytic HPLC method was performed
with the same gradient system but with a Vydac 218TP54 column
(5 pm; 250 X 4.6 mm) and a flow rate of 1 mL/min. The absor-
bance was monitored at 218 nm. Reversed-phase extraction C;g
Sep-Pak cartridges (Waters) were pretreated with methanol and
water before use.
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Radiochemistry

We have previously reported the synthesis of !8F-FB—
E[c¢(RGDyK)], ("8 F-FRGD,) (24). In this study we systemically
investigated the effect of pH, temperature, and reaction time on
the coupling yield between N-succinimidyl-4-!8F-fluorobenzoate
('8F-SFB) and dimeric RGD peptide E[c(RGDyK)],. In brief, 18F-
SFB was purified by semipreparative HPLC. The appropriate
fractions were collected and diluted with water and trapped by a
C,g cartridge. The cartridge was then washed with water and
blown dry with argon. '8F-SFB was reeluted with acetonitrile
and rotary evaporated to dryness. The dried '8F-SFB was then
redissolved in dimethyl sulfoxide (200 wL) and added to the
E[c(RGDyK)], (200 g, 0.15 pwmol) dissolved in sodium phos-
phate buffer (800 wL). Final purification was accomplished by
semipreparative HPLC. The HPLC fractions containing the
activity was then combined and evaporated with a stream of argon
to remove acetonitrile. The pH of the resulting aqueous solution
was adjusted to 7.0 with 0.IN NaOH and passed through an
activated Waters C;g Sep-Pak cartridge, washed with water, and
eluted with 200-p.L portions of 80% ethanol. The ethanol fractions
were pooled and evaporated to a small volume. The activity was
finally reconstituted in phosphate-buffered saline (PBS) and passed
through a 0.22-pm Millipore filter into a sterile multidose vial for
in vivo applications.

Cell Lines

Six cell lines were used for in vitro and in vivo experiments. All
cells were obtained from the American Type Culture Collection
and all culture media were obtained from Invitrogen Co. (GIBCO).
U87MG glioblastoma cells were grown in Dulbecco’s modified
Eagle medium (DMEM, low glucose), MDA-MB-435 breast
cancer carcinoma cells were grown in Leibovitz’s L15 medium,
C6 rat glioma cells were grown in DMEM (high glucose), PC-3
prostate adenocarcinoma and A549 lung carcinoma cells were
grown in F-12K nutrient mixture (Kaighn’s modification), and
NCI-H1975 non—small cell lung cancer cells were grown in RPMI
1640 medium. All cell lines were cultured in the medium
supplemented with 10% (v/v) fetal bovine serum at 37°C.

Radioligand-Binding Measurements

U87MG, MDA-MB-435, C6, PC-3, A549, and NCI-H1975 cell
lines were grown as described. '>’I-Echistatin (specific activity,
74 TBg/mmol) was purchased from Amersham. For cell receptor
assay studies, Millipore 96-well filter plates were added with dif-
ferent concentrations (0-100 nmol/L) of echistatin in binding
buffer (20 mmol/L Tris, 150 mmol/L NaCl, 2 mmol/L. CaCl,,
1 mmol/L MgCl,, 1 mmol/L MnCl,, 0.10% bovine serum
albumin, pH 7.4), and 555 Bq !*’I-echistatin (in 50 wL binding
buffer) in each well. The cells in 50-pL suspension (2 x 10° cells/
well) were seeded and the total volume for each well was adjusted
to 200 pL with binding buffer. The mixture was incubated for 2 h
by shaking at room temperature. At the end of the incubation
period, the cells were filtered with the use of a Millipore
Multiscreen vacuum manifold and washed twice with cold binding
buffer. The hydrophilic polyvinylidene difluoride (PVDF) filters
were then collected and the radioactivity was determined using
a Nal(TI) +y-counter (Packard Instruments Co.). Nonspecific
binding was determined with 100 nmol/L of echistatin. Scatchard
plots were derived by plotting bound/free ligand versus. bound
ligand and the maximum number of binding sites (B,..) were
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calculated by analyzing the data with nonlinear regression by use
of GraphPad Prism software (version 4).

Animals Models

All animal experiments were performed under a protocol ap-
proved by Stanford’s Administrative Panel on Laboratory Animal
Care. The MDA-MB-435 breast cancer model was established by
orthotopic injection of 5 x 10° cells into the left mammary fat pad.
The PC-3 prostate cancer model was obtained by injecting a
mixture of 5 X 10 cells suspended in 50 pL F-12K medium and
50 pL Matrigel (BD BioSciences) into the right front leg of male
athymic nude mice. The other 4 tumor models (U87MG, C6, NCI-
H1975, and A549) were established in a way similar to that of the
PC-3 model except that female nude mice were used. The mice
were used for microPET studies when the tumor volume reached
300-400 mm? (2-3 wk after inoculation for NCI-H1975 and C6;
3—4 wk after inoculation for U37MG, MDA-MB-435, PC-3, and
A549). Three mice were used for each tumor models.

Metabolic Stability

Nude mice bearing U§7MG tumors were intravenously injected
with 37 MBq of '8F-FRGD2. The animals were sacrificed and
dissected 60 min after tracer injection. Blood, urine, liver, kidneys,
and tumor were collected. Blood was immediately centrifuged for
5 min at 13,200 rpm. Organs were homogenized using an IKA
Ultra-Turrax T8 (IKA Works Inc.), suspended in 1 mL of PBS, pH
7.4, and centrifuged for 5 min at 13,200 rpm. After removal of the
supernatants, the pellets were washed with 500 wL of PBS. For
each sample supernatants of both centrifugation steps were
combined and passed through Sep-Pak C;g cartridges. The urine
sample was directly diluted with 1 mL of PBS and then passed
through a Sep-Pak C,g cartridge. The cartridges were washed with
2 mL of water and eluted with 2 mL of acetonitrile containing
0.1% TFA. The combined aqueous and organic solutions were
concentrated to about 1 mL by rotary evaporation. The residues
were passed through a 0.22-pm Millipore filter and then injected
onto an analytic HPLC column using a flow rate of 1 mL/min and
a gradient as described. Radioactivity was monitored using a
solid-state radiation detector. At the same time, the eluent was also
collected by a fraction collector (0.5 min/fraction) and the activity
of each fraction was measured with the vy-counter. The HPLC
analysis was performed in duplicate and the extraction efficiency
was determined in triplicate.

microPET

PET was performed using a microPET R4 rodent model scanner
(Concorde Microsystems Inc.). The scanner has a computer-
controlled bed and 10.8-cm transaxial and 8-cm axial fields
of view (FOVs). It has no septa and operates exclusively in the
3-dimensional list mode. Animals were placed near the center of
the FOV of the microPET scanner, where the highest image resolu-
tion and sensitivity are available. The microPET studies were
performed by tail-vein injection of 3.7 MBq (100 wCi) of !8F-
FRGD2 under isoflurane anesthesia. The 60-min dynamic (5 X 60 s,
5x1205s,5x180s, 6 x 300 s) microPET data acquisition (total of
21 frames) was started 3 min after radiotracer injection. Static
images at 2- and 3-h time points were also acquired as 10-min
static images. The images were reconstructed by a 2-dimensional
ordered-subsets expectation maximum (OSEM) algorithm. No cor-
rection was necessary for attenuation or scatter.

Image Analysis

For each microPET scan, regions of interest (ROIs) were drawn
over each tumor, normal tissue, and major organs by using the ASI
Pro 5.2.4.0 program (Concorde Microsystems Inc.) on decay-
corrected, whole-body coronal images. The maximum radioactiv-
ity concentration (accumulation) within a tumor or an organ was
obtained from mean pixel values within the multiple ROI volume,
which were converted to wCi/mL/min by using a calibration
constant (26). Assuming a tissue density of 1 g/mL, the ROIs were
converted to wCi/g/min and then divided by the administered
activity to obtain an imaging ROI-derived percentage adminis-
tered activity per gram of tissue (%ID/g).

The dynamic PET data were used for both tracer kinetic
modeling and human dosimetry estimation. Graphical analysis
(27,28) of the PET data used normalized integrated activity in the
tumor versus the normalized integrated activity in the muscle
(Equation 1). The ratio of integrated tumor uptake divided by tumor
uptake was set as the y-axis. The ratio of integrated reference
tissue uptake divided tumor uptake was set as the x-axis of a
Logan plot (here we select muscle as reference tissue because of
its low integrin expression). The slope of the linear portion of the
Logan plot was distribution volume ratio (DVR). The binding
potential (BP) = DVR — 1.

fOT C,(t)dt

C.(t)dt
= DVR x 2 (1)
C/(T)

) +C. Eq. 1
Quantitation of Tumor Integrin Level

Tumor-bearing mice were sacrificed 24 h after dynamic
microPET. The quantitation of tumor tissue integrin level was
performed by incubating Nonidet P-40 (NP-40; GE Healthcare)-
solubilized tumor tissue lysate with '>3I-echistatin in the presence
of increasing concentrations of nonradiolabeled echistatin (29).
Tumor tissue integrin expressions were then quantified by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and autoradiography. Briefly, solubilized tumor tissues were
obtained by addition of 0.1 mL/cm? of lysis buffer (0.05 mol/L
HEPES [pH 7.4], 1% NP-40, 1 mmol/L CaCl,, and 1 mmol/L
MgCl,). After incubating on ice for 10-20 min, the samples were
collected and centrifuged at 15,000 rpm for 3 min. The resulting
solution was then analyzed for total protein content by a Micro
BCA (bicinchoninic acid) protein assay (Pierce Biotechnologies).
Samples were assayed in triplicate. Twenty micrograms of
proteins were incubated in a final volume of 25 pL in binding
buffer in the presence of 1.85 kBq of '*I-echistatin and various
amounts of echistatin (1-100 nmol/L). After a 2-h incubation at
room temperature, the mixtures were loaded onto 4%—-10% SDS-
PAGE gels. After electrophoresis, the gels were dried and
subjected to autoradiograghy overnight. Radioactive bands were
developed and quantified in a Cyclone Phospholmager system
(Perkin—-Elmer Inc.). The same dose of 'Z’I-echistatin without
forming a complex with integrin was used as a standard, and 15 ng
of purified integrin a,f; (Chemicon) was used as a positive
control and molecular marker. Each competition curve was then
fitted by the Hill equation (GraphPad). The linear portion of the
sigmoid curve was used to generate a Scatchard transformation
and B,.x (number of receptors/mg protein).

Statistical Analysis
Quantitative data were expressed as mean = SD. Means were
compared using 1-way ANOVA. The relationship between BP
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values and receptor density calculated from SDS-PAGE/auto-
radiography was evaluated by linear regression and Pearson
correlation analyses.

RESULTS

Radiosynthesis

I8F_Fluorination of dimeric RGD (E[¢(RGDyK)],) was
performed using '8F-SFB (Fig. 1). Synthesis of '8F-SFB
followed a previously reported procedure except that '8F-
SFB was purified before coupling with an RGD dimer. It
was found that the specific activity of '8F-SFB with HPLC
purification was higher than that with simple cartridge
desalting. The subsequent purification of '8F-FRGD2 was
also made easier. The yield of radiochemical acylation was
dependent on peptide concentration, temperature, pH, and
reaction time. Starting with a '3F~ Kryptofix 2.2.2./K,CO3
solution, the total reaction time, including final HPLC
purification, was about 200 = 20 min. The maximum over-
all radiochemical yield with decay correction was 23% =
2% (n = 20). The radiochemical purity of the labeled
peptide was >98% according to analytic HPLC analysis.
The specific radioactivity of '3F-SFB was estimated by
radio-HPLC to be 200-250 TBg/mmol. Such yield was
reached by using 200 ng of E[c(RGDyK)], at pH 8.0 and
40°C within 20 min. Note that this yield was significantly
lower than that reported for monomeric RGD peptide
¢(RGDyK), which was >40% (15,16).

Quantitation of Tumor Integrin Level

The sigmoid curves for the whole-cell binding assay
using '>I-echistatin as radioligand and unlabeled echistatin
as competitor were obtained by nonlinear regression fitting
of the data using GraphPad Prism. The density of integrin
o35 receptors on the cell surface was found to be US7TMG >
NCI-H1975 > MDA-MB-435 > A549 > PC-3 > C6 (Table
1). Quantitation of tumor tissue integrin level by SDS-
PAGE/autoradiography, on the other hand, revealed a dif-
ferent order: US7MG > MDA-MB-435 > PC-3 > C6 >
NCI-H1975 > A549 (Table 1). A representative autoradio-

18F

OH NH,

HOOC
FIGURE 1. Schematic structure of '8F-FB-E[c(RGDyK)], (18F-
FRGD2).
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TABLE 1
Receptor Density for U87MG, MDA-MB-435, C6,
PC-3, NCI-H1975, and A549 Tumor Cells Determined
by Cell-Binding Assay (n = 3) and Corresponding
Tumor Tissues Measured by Ex Vivo
SDS-PAGE/Autoradiography

Tumor receptor density

Cell receptor density  (no. of receptors/mg

Tumor type (no. of receptors/cell) protein)
us7MG (1.28 = 0.46) x 10° 4.24 x 1012
MDA-MB-435 (1.99 + 0.26) x 104 2.80 x 102
C6 (1.48 = 0.28) x 10° 1.51 x 10"
PC-3 (2.76 + 0.95) x 108 3.58 x 10
NCI-H1975 (4.42 = 0.59) x 10* 2.35 x 100
A549 (1.34 = 1.25) x 10* 1.75 x 1010

gram of a competition experiment for A549 tumor is shown
in Figure 2A. The linear portion of the sigmoid curve
(Fig. 2B) was used to generate the Scatchard transformation
and the B,,.x (Fig. 2C).

Metabolism of 18F-FRGD2

The metabolic stability of '8F-FRGD2 was determined
in mouse blood and urine samples and in liver, kidneys, and
tumor homogenates 60 min after tracer injection. For all
organs, extraction efficiency was between 78% and 93%
(Table 2). Between 0.2% and 20% of the total activity could
not be trapped on the C;g cartridges, which might be
attributed to very hydrophilic metabolites or protein-bound
activity. The lowest extraction efficiency was found for the
U87MG tumor and the highest was found for the blood.
HPLC analysis results of the soluble fractions of the dif-
ferent samples are shown in Figure 3. The average fraction
of intact tracer was between 80% and 95% (Table 2). The
highest metabolic stability of '8F-FRGD2 was found in
urine (95.5% intact tracer). Although we did not identify
the composition of the metabolites, we found that all of the
metabolites eluted earlier from the HPLC column than
the parent compound. A minor peak was found at 12 min
for all samples. Another metabolite peak was found at
about 4 min for the tumor. No defluoridation of '¥F-FRGD2
was observed.

PET Study

The dynamic microPET scans were performed for all 6
tumor models. Selected coronal images at different time
points after injection of '8F-FRGD2 in a U87MG tumor
mouse are shown in Figure 4. High tumor activity accu-
mulation was observed as early as 5 min after injection.
Most radioactivity in nontarget tissues was cleared at 70
min after injection. Uptake in the US7MG tumor, kidneys,
liver, and lung was 3.81 = 0.80, 2.25 = 0.43, 1.10 = 0.22,
and 0.59 £ 0.18 %ID/g, respectively. Time—activity curves
showed that this tracer excreted predominantly through the
renal route (Fig. 5A). Diversified tumor uptake patterns
of "8 F-FRGD2 were found in different xenograft models
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FIGURE 2. Analysis of non-small cell
lung cancer A549 tumor tissue integrin
level by SDS-PAGE/autoradiography.
NP-40-solubilized tumor tissue lysate
(80 pg) was incubated with 1 x 10% cpm
of 125]-echistatin for 2 h and increasing
concentrations of echistatin. After sepa-
ration on 0.6% SDS-PAGE, an autoradio-
gram was obtained (A) and each

R2 =0.9037

g

0.6 5
BQ\3 125 C
‘E 100 4 ¢
B 0.4 4
5 751 i,
o o
& 50 0.2 4
o
g 25 4
2
@ 0 T T T T — 0 T
-11 -10 -9 -8 -7 0 100

Log (mol/L)

Bound (pmol/L)
B, = 1.75 % 10" receptor/mg protein

radioactivity band was quantified by
using a Phospholmager system (B).
Scatchard transformation of the sigmoid
curve generated tissue receptor density
(number of receptors/mg tissue) (C).

T T 1
200 300 400

(Fig. 5B). The U87MG tumor had the highest tumor tissue
integrin and tumor cell integrin levels and also had the
highest initial tumor uptake but also had the most rapid
tumor washout, reaching a plateau after 50 min following
injection. The tumors with low magnitude of tumor uptake
had minimal tumor washout, providing reasonably high tumor
contrast at late time points when nonspecific activity accu-
mulation in the normal organs had been mostly cleared.

Tracer Kinetic Modeling and Correlation Analysis

The Logan plot is a graphical method of analysis, ap-
plicable to ligands that bind reversibly to receptors or
enzymes (27,28). This method can calculate the distribution

TABLE 2
Extraction Efficiency and Elution Efficiency Data and HPLC
Analysis of Soluble Fraction of Tissue Samples at 60
Minutes After Injection

Fraction Blood Urine Liver Kidney U87MG

Extraction efficiency (%)

Unsoluble fraction* 6.9 ND 12.6 16.5 21.7

Soluble fractiont 93.1 ND 874 83.5 78.3
Elution efficiency (%)

Nonretained fraction* 2.1 0.2 37.1 14.5 15.2

Wash water$ 0.6 0.7 3.0 1.6 3.0

Acetonitrile eluentt 97.2 99.1 59.9 83.8 81.8
HPLC analysis (%)

Intact tracer 90.6 955 935 87.8 79.9

*Amount of activity that was retained in pellets.

fAmount of activity that was extracted to PBS solution.

*Amount of activity that could not be trapped on Cqg cartridge.

SAmount of activity that was eluted from Cg cartridge using 2 mL
water.

IAmount of activity that was eluted from Cyg cartridge using 2 mL
acetonitrile with 0.1% TFA.

ND = not determined.

volume for dynamic PET data before steady state is
actually reached. We used 26.5 min as the starting point for
linear regression of the dynamic microPET studies because
all graphs became linear after that point, with the slope
being DVR (Fig. 5C). The calculated BP (B,.x/Kg) (Kq is
dissociation constant) for 8F-FRGD2 in the US87MG,
MDA-MB-435, C6, PC-3, NCI-H1975, and A549 tumors
using muscle as reference tissue was found to be 29.5, 17.5,
5.8, 1.9, 4.1, and 3.8, respectively.

A linear relationship was found between the BP values
calculated from graphical analysis of dynamic microPET
and the B, values measured from SDS-PAGE/autoradio-
grams (R> = 0.96; P = 0.005) (Fig. 6A). The tumor-to-
contralateral background ratios did not provide the same
level of correlation with the tumor tissue integrin density
at early time points (e.g., Pearson correlation coefficient R?
was 0.86 at 5 min and 0.88 at 30 min after injection.) (Figs.
6C and 6D). At 1 h after injection, a good linear rela-
tionship was found between the tumor-to-background ratio
and the tumor integrin level (Fig. 6E). Interestingly, the
tumor cell integrin level did not have the same level of cor-
relation with tumor contrast or BP (Figs. 6B and 6F).

DISCUSSION

Monomeric RGD peptide c(RGDyV) was first labeled
by Haubner et al. with '2°I (30). This relatively lipophilic
compound had rapid tumor washout and unfavorable hepato-
biliary excretion. The resulting high liver and intestinal
activity accumulation limited its further application. Glyco-
sylation of the RGD peptide decreased the lipophilicity
and, consequently, the hepatic uptake (37). The same gly-
copeptide was then labeled with '3F via the (=)-2-!3F-
fluoropropionate prosthetic group (/7-19). The so-called
18F-galacto-RGD demonstrated integrin o,Bs-specific tu-
mor uptake in the integrin-positive M21 melanoma xenograft
model. Initial clinical trials in healthy volunteers and
a limited number of cancer patients revealed that this tracer
can be administered safely to patients and is capable of
delineating certain lesions that are integrin positive (/9). The
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files of the reference compound '8F-
FRGD2, the soluble fractions of blood
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liver homogenates collected 1 h after
tracer injection. Dimeric RGD peptide
tracer is metabolically stable in most
organs and tissues.
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Wilcoxon signed rank test showed that RGD/PET stand-
ardized uptake value (SUV) analysis might be related to
tumor vessel density (CD31 staining). Despite the initial
success of this tracer in preclinical and clinical studies,
several unresolved issues diminished the enthusiasm. A more
appropriate RGD peptide probe will almost certainly be
required. As a monomeric RGD peptide tracer, '8F-galacto—
RGD had relatively low integrin-binding affinity and, thus,
only moderate tumor SUVs (/8,19). Although glycosylation
improved the pharmacokinetic behavior of an otherwise
hydrophobilic RGD peptide tracer, prominent activity
accumulation in the kidneys, spleen, liver, and intestines
was still found in both preclinical animal models and human
studies. Furthermore, it is not clear whether the tumor
contrast from !'8F-galacto-RGD/PET is a true reflection of
the level of tumor integrin o33 expression in vivo.

To correlate «,B3 expression and tumor uptake of '8F-
galacto—RGD, subcutaneous tumor models were produced by
inoculating a mixed population of M21 (integrin positive) and
M21-L (integrin negative) cells. The tumor-to-background
ratios obtained from PET and the tumor-to-muscle ratios
obtained from direct tissue sampling were then compared
with relative a, integrin expression measured by Western blot
analysis under a reducing condition. Relatively poor correla-
tion was found (Pearson correlation coefficient R? was around
0.56). Initial clinical translation of this tracer also gave mixed

FIGURE 4. Dynamic microPET study of
U87MG tumor-bearing mouse over 60
min after injection of '8F-FRGD2 (3.7
MBq [100 nCi]), static scans at 2- and
3-h time points were also conducted to
complete the tracer kinetic study. Decay-
corrected, whole-body coronal images
that contain the tumor are shown. (Re-
printed with permission of BioTechniques
to reproduce parts of Figure 6.)
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results. A patient with a stage IV malignancy and multiple
metastases in liver, skin, and lower abdomen had marked
uptake of '8F-FDG but failed to have any '®F-galacto-RGD
(19). Because the tumor sections were not validated by immu-
nohistochemical staining, it is unclear whether these lesions
are integrin negative or the tracer is insensitive.

Because the monomeric RGD pentapeptide in a bent
conformation has been optimized to fit into the deep cleft
between the a- and B-units of integrin o,B; (32), it is
very unlikely that one can significantly improve integrin
affinity and selectivity of the monomeric RGD peptide by
fine tuning the pentapeptide configuration. Thus, we and
others applied a polyvalency effect (22-25,33,34) to
develop dimeric and multimeric RGD peptides, with
repeating cyclic pentapeptide units connected by gluta-
mates. Initial evaluation of the dimeric RGD peptide tracer
I8F-FRGD?2 in the subcutaneous U87MG glioma model
showed excellent tumor integrin-targeting efficacy and
favorable in vivo kinetics of this tracer. Although a re-
ceptor-blocking experiment demonstrated integrin specific-
ity of the tracer, it is unknown whether the magnitude
of tumor uptake is able to document tumor integrin density
in vivo. In this study we evaluated the ability of noninvasive
PET to quantify the tumor integrin level.

Quantification of cell or tissue integrin a,[33 expression
by immunoblotting is technically challenging because of
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FIGURE 5. (A) Time-activity curves derived from 60-min

dynamic and 70-min, 120-min, and 180-min static microPET
study. ROIs are shown as mean %ID/g = SD (n = 3). (B)
Comparison of tumor uptake in nude mice derived from 60-min
dynamic microPET scans. (C) Logan plots derived from 60-min
dynamic microPET data, which showed excellent linearity
of normalized integrated (Int) tumor activity vs. normalized
integrated muscle tissue activity effective for time >25 min.
Slopes of fits represent DVRs. (Reprinted with permission of
BioTechniques to reproduce parts of Figure 6.)

the heterodimeric feature of this G-protein receptor. Both
anti-a, and anti-B3 antibodies are thus needed to confirm
the presence of integrin o33 and, yet, it is difficult to be
quantitative (35). It was recently reported that '>I-
echistatin forms an SDS-stable complex with certain
integrins (resistant to 0.6% SDS) in the absence of chemical
cross-linkers, reducing conditions, and heating (29). We
only detected a single radioactive band for all of the tumor
tissue lysates tested. On the basis of the cross-reactivity of

this band with selective anti-a- and 3-subunit antibodies, it
is suggested that '>’I-echistatin binds to o,B3. A control
experiment with pure integrin o3, a5, and asf3; pro-
teins also indicated that the single band detected from cell
and tissue lysates is a3 (data not shown). Based on the
6 tumor models tested, the BP derived from tracer kinetic
analysis correlated well with the tumor integrin expression
level measured by SDS-PAGE/autoradiography. To our
knowledge, this is the first report that one can quantify
integrin expression in vivo by noninvasive PET, which
provides the basis for precise documentation of tumor
integrin levels without biopsy. It is also worth mentioning
that the tumor-to-background ratio at 60 min after injection
had better correlation with tumor integrin levels that those
at 5 and 30 min after injection. (Figs. 6C—6E), presumably
due to the presence of nonspecific uptake, such as perfusion
and vascular permeability at early time points. Tumor
contrast had a considerable correlation with the tumor
tissue integrin level at late time points. Overall, tracer
kinetic modeling allows a better quantitative measurement
of a,B5 expression by PET. It is likely that the tumor-to-
background or tumor-to-muscle ratios reported by Haubner
et al. in their melanoma tumor model with mixed popu-
lation of M21 and M21-L cells might have been more
positively correlated with tumor integrin levels if the
dissected tumors were quantified by SDS-PAGE/autoradi-
ography instead of Western blots. The sample size in this
study is rather low. We tested only 6 tumor models. More
animal models (subcutaneous, orthotopic, and even trans-
genic) at different stages of tumor growth are needed
to further validate the Pearson correlation analysis and to
determine whether tracer kinetic modeling is superior to
tumor-to-background contrast. It would be clinically more
advantageous to have a good correlation between tumor-
to-background ratios or SUVs and tumor integrin expression
level quantified by receptor autoradiography, as documen-
tation of the patient integrin level may be obtained without
dynamic scans.

We also note that neither the BP values calculated from
the Logan plot nor the tumor-to-background contrast quan-
tified from microPET had a good linear relationship with
tumor cell integrin levels measured by the receptor-binding
assay. It is well-documented that integrin o35 is expressed
not only on a variety of tumor cells but also is present at
a high level on activated endothelial cells during angio-
genesis. The integrin expression on tumor cells grown in
tissue culture does not necessarily reflect the tumor tissue
integrin level. For example, SDS-PAGE/autoradiography
analysis of MDA-MB-435 breast cancer cell lysates and
tissue lysates found that the tumor tissue integrin level is
about 4- to 5-fold higher than that of tumor cells, indicating
that integrin a3 expressed on newly developed neo-
vasculatures tends to be much higher than that on the tumor
cells (data not shown).

The Logan plot is applicable to the tracers that are
reversible, whereas Patlak analysis (36) is good for tracers
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that are irreversible. We actually performed both Logan
plot and Patlak analysis for all dynamic PET data. The
Patlak curves deflected downward for the later time points,
which is probably a good indication that the tracer is ac-
tually reversible. The effectiveness of the blocking of tracer
uptake by unlabeled RGD peptide in a dose-dependent
manner provides further evidence of the reversible receptor
binding of this tracer. A flat curve of some tumor types
shown in Figure 5B may still be slowly reversible, in which
it may not be so evident by visual inspection of the curve
shapes over 60 min. Therefore, quantification of integrin
expression level by noninvasive PET may provide a unique
way of documenting tumor angiogenesis, in analogy to
other established tracers such as FDG for tumor metabo-
lism, radiolabeled antibodies for cell-surface antigen, and
suitably labeled annexin V for apoptosis imaging studies.
The optimized coupling yield for the dimeric RGD
peptide is significantly lower than that for the monomeric
RGD peptide and other peptides reported in the literature
using '8F-SFB as synthon. The monomer with a lysine side-
chain e-amino group has much less steric hindrance and
a higher pK, value than a glutamate a-amino group and is,
thus, more easily derivatized. Introduction of a linker to the
glutamate amine will not only serve as a pharmacokinetic
modifier but also modifies the flexibility and acidity of the
terminal amine group for '8F-SFB incorporation. A further

120

structure—activity study is required to determine whether an
appropriate amino acid linker to E[c(RGDyK)], will
improve the radiolabeling yield without compromising the
tumor targeting efficacy and in vivo kinetics of '®F-FRGD2.

CONCLUSION

This study demonstrates that '3F-labeled dimeric RGD
peptide '8F-FRGD?2 has initial high activity accumulation
in o, Bs-integrin—rich tumors and has some washout with time,
providing high tumor-to-background ratio even at early
time points. '8F-FRGD?2 uptake in tumors with medium or
low a,B5 levels was also low but minimal tumor washout
was observed, and consequently clear tumor contrast is
observable at late time points. The binding potential cal-
culated from graphical analysis of dynamic PET data is
a better indicator than the tumor-to-background contrast for
tumor integrin level in various preclinical tumor models.
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