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INTRODUCTION

We recently found that the receptor binding characteristics of dimeric and
multimeric RGD peptides would be better than that of monomeric RGD peptide based
upon polyvalency (1-5). 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 one order of
magnitude higher integrin binding affinity than the monomeric analog is thus labeled
with "8 F (3). ["8F]FB-E[c(RGDyK)] 2 (abbreviated as [18F]FRGD 2) showed predominant
renal excretion and almost twice as much tumor uptake in the same animal model as
compared to the monomeric tracer [18F]FB-c(RGDyK). In this study we will further
evaluate this tracer in various preclinical animal models in order to measure the
metabolic stability and to visualize and quantify integrin cX,33 expression in vivo. We also
used dimeric RGD peptide E[c(RGDyK)12 as carrier for paciltaxel to specifically target
breast cancer cells and tumor blood vessels. The in vitro receptor binding, cytotoxicity
and apoptosis results were observed in the MDA-MB-435 cell line and biodistribution
data was performed in an orthotopic nude mouse breast cancer model.
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BODY

Part I: PET Imaging of Integrin Expression

18F-fluorination of dimeric RGD (E[c(RGDyK)] 2) was carried out using N-
succinimidyl 4-[18F]fluorobenzoate (["8F]SFB) (Fig. 1). Synthesis of [18F]SFB followed a
previously reported procedure except that [18F]SFB was purified before coupling with an
RGD dimer. It was found that the specific activity of [18F]SFB with HPLC purification
was higher than that with simple cartridge desalting. The subsequent purification of
[18F]FRGD2 (3,6) was also made easier. The yield of radiochemical acylation is
dependent on peptide concentration, temperature, pH, and reaction time. Starting from
18F- Kryptofix 2.2.2/K 2CO 3 solution, the total reaction time including final HPLC
purification was about 200 + 20 min. The maximum overall radiochemical yield with
decay-correction was 23 ± 2 % (n = 20). The radiochemical purity of the labeled peptide
was higher than 98% according to analytical HPLC analysis. The specific radioactivity of
[18F]SFB was estimated by radio-HPLC to be 200-250 TBq/mmol. Such yield was
reached by using 200 gg of E[c(RGDyK)] 2 at pH = 8.0 and 40 'C within 20 min. Notice
that this yield is significantly lower than that reported for monomeric RGD peptide
c(RGDyK), which was > 40% (7-9).

18 F

OH NH 2
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N N
NH 0
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H 0O 0
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NH NH HN
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Fig. 1. Schematic structure of [18 F]FB-E[c(RGDyK)]2 (["8F]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%. Between 0.2 and 20% of the
total activity could not be trapped on the C18 cartridges, which might be attributed to very
hydrophilic metabolites or protein bound activity. The lowest extraction efficiency was
found for the U87MG tumor and highest was found for the blood. HPLC analysis results
of the soluble fractions of the different samples were shown in Fig. 2. The average
fraction of intact tracer was between 80% and 95%. Highest metabolic stability of
[18F]FRGD2 was found in urine (95.5% intact tracer). Although we did not identify the
composition of the metabolites, we found all of the metabolites eluted earlier from HPLC
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column than the parent compound. There was a minor peak found at 12 min for all the
samples. There was also another metabolite peak found at about 4 min for the tumor. No
defluoridation of [18F]FRGD2 was observed.

Blood Urine Liver

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Time (min) Time (rin) Time (min)

U87MG tumor Kidney Standard

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time (min) Time (min) Time (min)

Fig. 2. Representative HPLC profiles of the reference compound [18F]FRGD2, the soluble
fractions of blood and urine samples, tumor, kidney, and liver homogenates collected I h after
tracer injection. The dimeric RGD peptide tracer is metabolically stable in most organs and
tissues.

The dynamic microPET scans were performed for six tumor models (U87MG,
MDA-MB-435, PC-3, NCI-H1975, PC-3, and C6). Selected coronal images at different
time points postinjection (p.i.) of [18F]FRGD2 in a U87MG tumor mouse were showed in
Fig. 3. High tumor activity accumulation was observed as early as 5 min p.i. Most of the
radioactivity in non-target tissues were cleared at 70 min p.i. The uptakes in the U87MG
tumor, kidneys, liver and lung were 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. 4A). Diversified tumor uptake patterns of [18F]FRGD2 were
found in different xenograft models (Fig. 4B). 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.
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Fig. 3. Dynamnic rnicroPET study of U87MG tumnor bearing mouse over 60 min after injection of
["8F]FRGD2 (100 pCi), static scans at 2 h and 3 h time points were also conducted to complete
the tracer kinetic study. Decay-corrected whole-body coronal images that contain the tumnor were
shown.
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Fig. 4. (A) Time activity curves derived from the 60 rmin dynamic and 70 min, 120 minm, 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. (C) Logan plots derived from 60 rmin dynamic microPET imaging data, which
showed excellent linearity of normalized integrated (Int) tumor activity versus normalized
integrated muscle tissue activity effective for t > 25 min. The slopes of the fits represent tile
distribution volume ratios (DVR).

Logan plot is a graphical method of analysis, applicable to ligands that bind
reversibly to receptors or enzymes (10,11). This method can calculate the DV for
dynamic PET data before steady state is actually reached. We used 26.5 min as starting
point for linear regression of the dynamic microPET studies since all graphs became
linear after that point with the slope being DVR (Fig. 4C). The calculated binding
potentials (Bimax/Kd) for ['8F]FRGD2 in the U87MG, 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.

A linear relationship was found between the BP values calculated from graphical
analysis of dynamic microPET imaging and the B,,,a, values measured from SDS-
PAGE/autoradiograms (R2 = 0.96, P = 0.005) (Fig. 5A). 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 R2 was 0.86 at
5 min and 0.88 at 30 min p.i.) (Fig. 5C and D). At I h p.i., a good linear relationship was
found between tumor/background ratio and tumor integrin level (Fig. 5E). Interestingly,
tumor cell integrin level did not have the same level of correlation with tumor contrast or
binding potential (Fig. 5B and F).
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Fig. 5. Correlation analysis between: (A) tumor tissue receptor density (# receptors/mrg protein
measured from SDS-PAGE/autoradiography using 121-echistatin as radioligand) vs. binding
potential (BP) (calculated from Logan plot transformation of dynamic microPET imaging data)
(R2 = 0.96); (B) tumor cell integrin expression (# receptors/cell measured from whole-cell
receptor binding assay) vs. binding potential (BP) (R2 = 0.69); (C-E) tumor tissue receptor density
vs. tumor/background ratios (calculated from time-activity curves derived from dynamic
microPET imaging). The coefficient of determination R2 is about 0.86, 0.87, and 0.98 at 5 min,
30 min, and 60 min postinjection of [18F]FRGD2, respectively; (F) tumor cell receptor density vs.
tumor/background ratio at 60 min postinjection of ['F]FRGD2. The coefficient of determination
R2 is 0.67. Data derived from six tumor models (U87MG, C6, MDA-MB-435, PC-3, NCI-H 1975,
and A549) illustrated excellent linear relationship between tumor tissue receptor density vs.
binding potential, and tumor tissue receptor density vs. tumor/background ratio at I h p.i..

Part II: RGD-Paclitaxel for Integrin Targeted Drug Delivery

The conjugate of paclitaxel (PTX) with dimeric RGD peptide (Fig. 6) (1) was

prepared by derivatizing the 2'-hydroxy function of paclitaxel with succinic anhydride,

according to reported procedure (12). The paclitaxel hemisuccinate ester (PTXSX) was

activated using EDC and NHS, followed by coupling with RGD peptide glutamate amino

group under slightly basic conditions.
0 AcO O OH
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0 
Ph

D-Tyr Lys 0 Lys D-Tyr

H NH H
H04ýý" N N__ 9 -- \ýO
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Fig. 6. Schematic representation of the molecular structure of dimeric RGD peptide-paclitaxel
conjugate. The succinate linkage is through the 2'-hydroxy group of paclitaxel and amino group
of RGD glutamate residue.

The cytotoxic effect of PTX, PTXSX, RGD and PTX-RGD conjugate administered as

single agents was assessed by MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-

diphenyltetrazoliumbromide)-assay (13) in MDA-MB-435 breast cancer cells after 48 h

continuous drug exposure (Fig. 7). PTXSX with the IC5 0 of 67 + 9 nM showed similar

potency to PTX (IC5 0 = 34 + 5 nM). However, PTX-RGD conjugate with the IC5 0 value of
134 ± 28 nM was slightly less potent than free PTX. Cyclic RGD peptide was the least

potent (IC 50 =2.9 ± 0.1 jM).
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Fig. 7. Cytotoxic effect of PTX, PTXSX, PTX-RGD conjugate, and RGD peptide. MDA-MB-
435 cells were treated with continuous exposure of each drug for 48 h and cytotoxicity were
assessed by MTT assay as described in the Method Section. Data are presented as a measure of
percent survival normalized against the untreated population. Each data point is firom an average
of 3 to 4 independent experiments performed in triplicate. IC50 values for PTX, PTXSX, PTX-
RGD, and RGD are 34 + 5, 67 ± 9, 134 + 28, and 2940 ± 15 nM, respectively.

Flow cytometric analysis was performed to analyze the cell cycle perturbations and
apoptosis. As expected, RGD administered as a single agent induced cell cycle arrest in
Go/Gi-phase. No apoptotic fraction (as determined by the sub-G1 peak) was observed
even at longer exposures to high concentrations of the drug (IC80), which correlates well
with the cytostatic effect observed in the drug sensitivity test. A G2/M cell cycle arrest
was observed for PTX, PTXSX and PTX-RGD conjugate (Fig. 8). The appearance of
apoptotic cells (as calculated by sub- G0/G1 population) was evident at 24 h for all drugs.
PTX-RGD conjugate and PTXSX showed similar mitotic arrest and apoptotic cell death
to that of PTX. In all cases, the apoptotic events seemed to occur after G2/M arrest.
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Fig. 8. Flow cytometric analysis of the cell cycle profiles of treated MDA-MB-435 cells. RGD
peptide induces cell cycle arrest in G0/Gi-phase with no apoptosis even at high drug concentration
and prolonged exposure. All three PTX derivatives resulted in G2/M cell cycle arrest with distinct
apoptosis (sub-Go/G population) 24 h after drug treatment.

Simultaneous combination of PTX, PTXSX and RGD first induced a slight G2/M-phase
arrest at 16 h followed by the progressive appearance of a sub-G1 peak characteristic of
apoptosis. Levels of apoptotic fractions increased up to 35% and 57% with PTX/RGD
and PTXSX /RGD combination, respectively. Our findings also demonstrate that the
PTX-RGD conjugate is as efficacious as the combination of PTX or PTXSX and RGD.

An early event in apoptotic cell death is the translocation of the phosphatidyl-serine (PS)
residues to the outer part of the cytoplasmatic cell membrane. In the presence of calcium,
rapid high affinity binding of annexin V to PS occurs. PS translocation to the cell surface
precedes nuclear breakdown, DNA fragmentation and the appearance of most apoptosis-
associated molecules, making annexin V binding a marker of early-stage apoptosis. By
using this method, we determined the ability of PTX-RGD conjugate to induce apoptosis
and compared it to the ability of PTX and RGD used as a single agents or in simultaneous
combination (PTX+RGD). As shown in Fig. 9, PTX-RGD conjugate caused a strong
apoptotic effect comparable to that induced by PTX as a single agent. At 24 h, 17% of
PTX-RGD conjugate treated cells appeared to be in early-apoptosis as compared to 9%
for PTX. An increase in late-apoptosis/necrosis was also apparent at 48 h for both drugs.
No significant changes in the percentage of apoptotic cells were observed in RGD treated
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cells, data that correlates with the results obtained in the cell cycle analysis. Moreover, as
we previously observed in the cell cycle profile for the simultaneous combination of PTX
and RGD, the presence of RGD significantly reduced the percentage of apoptotic cells as
compared to PTX as a single agent.

16h kUh

FIU PLI~H PUBI-

nihl I•IH l u-

laLJ

PDRGD

=iS%+RGD

Fig. 9. Apoptosis analysis of MDA-MB-435 treated cells with RGD, PTX-RGD conjugate. Cells
stained with annexinV/propidium iodide and analyzed by flow cytometry.

To assess the effect of conjugation and the presence of drug moiety on the MDA-
MB-435 tumor and normal tissue uptake, the biodistribution of the 125I-labeled conjugate

(125I-RGD-PTX) was compared to that of 125I-RGD. Radioiodination of both compounds
through a standard Chloramine-T method afforded the labeled molecules as evidenced by
radio-HPLC with high specific activity (1,500 to 2,000 Ci/mmol). Typical radiochemical
yield after HPLC purification for both radioligands was about 50-60% with
radiochemical purity over 95%. The labeled RGD and conjugate were injected
intravenously (i.v.) into athymic nude mice carrying orthotopic MDA-MB-435
xenografts. Tissues were removed at different time-points postinjection (p.i.) and the
radioactivity uptakes, expressed in %ID/g were measured. Both RGD and PTX-RGD
conjugate revealed fast blood clearance. Tumor activity accumulation was rapid for 1251-

RGD (e.g., 3.85 ± 1.15% ID/g at 30 min p.i.) and was quickly washed out, resulting in
only 1.64 ± 0.24 %ID/g at 4 h p.i. The maximum tumor uptake for the conjugate
appeared at 2 h p.i. (2.72 + 0.16 %ID/g), and remained constant at 4 h p.i. (2.37 ± 0.76
%ID/g). The best tumor-to-blood and tumor-to-muscle ratios were achieved after 4 h p.i.
To demonstrate that the RGD and RGD-PTX conjugate uptakes in MDA-MB-435 tumors
were specific and receptor mediated, biodistribution studies were performed by co-
injecting of c(RGDyK) (10 mg/kg) with the iodinated radiotracers. Uptake values of 0.87
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+ 0.17 and 0.42 ± 0.07 %ID/g were observed at I h p.i. for RGD and the conjugate,
respectively (Fig. 10). These values were 4-5 times lower than the tumor uptake of the
radiotracers when no blocking agent was coinjected.
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Fig. 10. Comparison of biodistribution data for 121I-E[c(RGDyK)]2 (e) and 1251-RGD-PTXSX (0)
in orthotopic MDA-MB-435 breast cancer xenograft model. Error bars denote SD (n = 4).
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KEY RESEARCH ACCOMPLISHMENTS

* Developed a dimeric RGD peptide tracer [18F]FRGD2 for PET imaging of tumor
integrine expression;

* Established a tracer kinetic modeling protocol for quantification of tumor inetgrin
receptor density;

* Applied polyvalency principle to develop dimeric and multimeric RGD peptides
in order to increase the receptor avidity of the resulting RGD multimers;

* Synthesized a dimeric RGD peptide-paclitaxel conjugate for breast cancer
targeting;

* Established procedures for analyzing breast cancer treatment efficacy in vitro.
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CONCLUSIONS

Part I: This study demonstrates that 18 F-labeled dimeric RGD peptide [18F]FB-
E[(c(RGDyK)] 2 ([18F]FRGD2) has initial high activity accumulation in avp33-integrin rich
tumors and some washout with time, providing high tumor/background ratio even at early
time points. [18F]FRGD2 uptake in tumors with medium or low c(vj33 levels was also low
but minimal tumor washout was observed, and consequently clear tumor contrast is
observable at late time points. The binding potential calculated from graphical analysis of
dynamic PET imaging data is a better indicator than the tumor/background contrast for
tumor integrin level in various preclinical tumor models.

Part H1: In conclusion, this study demonstrates that a paclitaxel-RGD peptide conjugate
can be used as an antitumor agent. By targeting integrin UAv33, it is possible to improve the
tumor specificity and cytotoxic effect of paclitaxel, resulting in lower systemic doses to
obtain anitumor efficacy and reduced toxicity. It is unknown if and when the free
paclitaxel is released during the time course of the assay. The possibility of partial
distribution of free drug generated through either extracellular or intracellular proteases
cannot be completely ruled out. Nevertheless, an improved therapeutic index could be
expected by tumor integrin specific delivery of at least a part of targeted pacliatxel,
resulting in lower and therefore less toxic systemic doses that are necessary to obtain
antitumor efficacy. Further evaluation of this lead compound in preclinical animal models
for tumor growth inhibition and acute toxicity studies is currently in progress.
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Expression Using 64Cu-Labeled Tetrameric
RGD Peptide
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Pharmacy, School of Health Scicm'es, Purdue"niversity, WVest Lqfaayette, Indiana

64Cu-DOTA-E{E[c(RGDfK)] 2}2 a promising agent for peptide

Integrin cxv•i. plays a critical role in tumor-induced angiogen- receptor radionuclide imaging and therapy of integrin-posi-
esis and metastasis and has become a promising diagnostic tive tumors.
indicator and therapeutic target for various solid tumors. Key Words: tumor angiogenesis; integrin; RGD peptide; micro-
Radiolabeled RGD peptides that are integrin specific can be PET; multimeric peptide; 64Cu
used for noninvasive imaging of integrin expression level as J Nucl Med 2005; 46:1707-1718
well as for integrin-targeted radionuclide therapy. Methods:
In this study we developed a tetrameric RGD peptide tracer
64Cu-DOTA-E{E[c(RGDfK)]2}2 (DOTA is 1,4,7,10-tetraazacy-
clododecane-N,N',N",N"'-tetraacetic acid) for PET imaging of "/"
integrin yv[•.•3 expression in female athymic nude mice bearing MVI alignant gliomas are the most common types of brain
the subcutaneous UG87MG glioma xenografts. Results: The tumors and are the second leading cause of cancer death in
RGD tetramer showed significantly higher integrin binding children under 15 y old and also in young adults up to 34 y
affinity than the corresponding monomeric and dimeric RGD ol g W
analogs, most likely due to a polyvalency effect. The radio- li
labeled peptide showed rapid blood clearance (0.61 ± 0.01 larization, and extensive local invasion of tumor cells into
%ID/g at 30 min and 0.21 1 0.01 %ID/g at 4 h after injection, the normal brain parenchyma, gliomas are resistant to tra-
respectively [%ID/g is percentage injected dose per gram]) ditional radiation and chemotherapy, which leads to patient
and predominantly renal excretion. Tumor uptake was rapid mortality over months or years (3). Recent clinical and
and high, and the tumor washout was slow (9.93 ± 1.05 experimental evidence suggests that the tumor growth and
%ID/g at 30 min after injection and 4.56 ±- 0.51 %ID/g at 24 h perimntal denc ests at thetu rgw and
after injection). The metabolic stability of 64Cu-DOTA- progression are dependent on angiogenesis and invasion,
E{E[c(RGDfK)]2}2 was determined in mouse blood, urine, and which share common regulatory mechanisms (4). Angio-
liver and kidney homogenates at different times after tracer genesis is an invasive process characterized by endothelial
injection. The average fractions of intact tracer in these or- cell proliferation, modulation of the extracellular matrix
gans at 1 h were approximately 70%, 58%, 51%, and 26%, (ECM), and cell adhesion and migration (5). Among many
respectively. Noninvasive microPET studies showed signifi- angiogenic factors, the cell adhesion molecule integrin is a
cant tumor uptake and good contrast in the subcutaneous aamediator of angiogenesis in many tumor types, including
tumor-bearing mice, which agreed well with the biodistribu- m or
tion results. Integrin ot,3 specificity was demonstrated by gliomas (6). Integrins are part of a family of heterodimeric
successful blocking of tumor uptake of 64Cu-DOTA- transmembrane receptors involved in multiple steps of an-
E{E[c(RGDfK)12}2 in the presence of excess c(RGDyK) at 1 h giogenesis and metastasis. Integrins on endothelial cells
after injection. The highest absorbed radiation doses deter- bind to and respond to the ECM components, and this
mined for the human reference adult were received by the interaction is accompanied by the transduction of positional
urinary bladder wall (0.262 mGy/MBq), kidneys (0.0296 mGy/ cues from the ECM to the intracellular signaling machinery
MBq), and liver (0.0242 mGy/MBq). The average effective
dose resulting from a single 54Cu-DOTA-E{E[c(RGDfK)] 2}2 in- (7). The function of these protein receptors during angio-
jection was estimated to be 0.0164 mSv/MBq. Conclusion: genesis has been studied with integrin oLv3, which is not
The high integrin and avidity and favorable biokinetics make readily detectable in quiescent vessels but becomes

highly expressed in angiogenic vessels and tumor cells

Received Apr. 5, 2005; revision accepted Jun. 13, 2005. (8,9). The rXI3 integrin is necessary for the formation,
For correspondence or reprints contact: Xiaoyuan Chen, PhD, Molecular survival, and maturation of newly formed blood vessels (10)

Imaging Program at Stanford (MIPS), Stanford University, 1201 Welch Rd., and its expression conrelates with tumor grade and histologic
P095, Stanford, CA 94305-5484.

E-mail: shawchen@stanford.edu type (11).
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, ,Recent data both in preclinical tumor models and in phase method to a specific activity of 74,000 GBq/mniol (2,000 Ci/

1/Il clinical trials suggest that antagonists of Q,33 integrin rmetol), was purchased from Amersham Biosciences. The female

inhibit tumor angiogenesis and metastasis (12,13). The abil- athy\mic nude mice were supplied from Harhran at 4-5 wk of age.
ity' to noninvasively visualize and quantify ,., intrincgi 6-Cu (half-life [t,; 2I = 12.7 h. P[ = 655 keV [ 17.4%. [- = 573

expression level provides opportunities to document t keV [30%]) was obtained form Mallinckrodt Institute of Radiol-
oy, Washington University School of Medicine (St. Louis. MO).(tumor cells and sprouting tumor vasculature) receptor ex- 0 C, was produced in a CS-I5 biomedical cyclotron using the

pression, to more appropriately select patients considered 6lNi(p n,)6 1Cu nuclear reaction and supplied in high specitic ac-
for antiintegrin treatment, and to monitor treatment efficacy tivity is CuCl2 in 0.1 mol/L of HCI. The monomeric cyclic RGD

in integrin-positive patients. Several molecular probes have peptide, c(RGDfK). was prepared via sohltion cyclization of the

been developed for MRI (14), ultrasound (15), optical im- linear peptide H-Gly-Asp(OtBu)-o-Phe-Lys(Boc)-Arg(Pbf)-OH.
aging (16), PET, and SPECT applications (17). Although Trifluoroacetic acid (TFA) deprotection in the presence of the

most of the RGD peptide-based probes could target tumors free radical scavenger triisopropylsilane produced the desired

by binding integrin tlý3, they suffer froom modest tumor cyclic pentapeptide c(RGDfK) (24 -27). The RGD peptide

uptake and unfavorable pharmacokinetics that limit their dimer E[c(RGDfK)]_ was prepared according to the literature

applications for imaging and internal radiotherapy. method (18).

We and others have reported radiolabeled RGD-contain- Analytic as well as semipreparative reversed-phase high-perfor-

ing peptide dimers ais radiopharaceuticals for diagnosis of mance liquid chromatography (RP-HPLC) were performed on a
rapptidy growing solid radiopr (1823uItcals fortdiagnosize o Dionex 680 chromatography system with a UVD 170U absorbance
rapidly growing solid tumors (18-23). It was hypothesized detector and model 105S single-channel radiation detector (Carroll

that the receptor binding of one RGD cyclic peptide will & Ramsey Associates). The recorded data were processed using
significantly enhance the "local concentration" of the other Chromeleon version 6.50 software. Isolation of D(OTA-conjugated

RGD peptide in the vicinity of the receptor. which may lead peptide and 64Cu-labeled peptide was performed using a Vydac

to a faster rate of receptor binding or a slower rate of protein and peptideCconlun I(218TP510; 5 niL, 25()X I0tmm), The

dissociation of radiolabeled RGD dimer from the integrin flow was 5 inLmnin, with the mobile phase starting from 95%/

U41%• and result in higher uptake and longer retention time in solvent A (0(.1% TFA in water) and 5% solvent B (0.1% TFA in

the tumor. A multimeric RGD peptide with >2 repeating acetonitrile) (0-3 min) to 355%r solvent A and 65% solvent B at 33

cyclic RGD units is thus expected to further enhance the min. The analytic HPLC was performed using the same gradient

affinity of the receptor-ligand interactions even more sig- system. but with a Vydac 218TP54 column (5 p.,ln 250 X 4.6 mm)
Sand flow of 1 mL/nirn. Ultraviolet (UV) absorbance was monitored

niticantlv through the phenomenon of a polyvalency effect. at 218 nmn.
The apparent increase in molecular size may also prolong

circulation time of the multimer and consequently reduce Preparation of Boc-Glu(OSu)-OSu

tumor washout rate. To a solution of' the Boc-protected glutamnic acid (0.247 g, 1.0

In this investigation we applied the polyvalency principle mmol) in 5 ml. of N,N-dimethylforamide (DMF) were added

and developed a novel tetramerie ROD peptide using glu- N-hydroxysuccinimide (NHS) (0.253 g, 2.2 mumol) and DCC

tanate as the branchinge unit. The resulting RGD peptide (0.453 g, 2.2 mmol). The resulting mixture was stirred at room
Ca e a ttemperature for 10 h. The dicyclohexylurea (DCU) by-product was

tetramer was conjugated with the macrocylic chelator filtered off. The filtrate was evaporated to dryness under vacuum to

1,4,7,10-tetraazacyclododecane-N,N',N",N"'-tetraacetic acid give a crude product, which was then taken up in 3 mL of

(DOTA) and labeled with 64Cu for microPET imaging of methylene chloride. The insoluble solid was filtered off. The
integrin expression in a subcutaneous U87MG glioblastoma filtrate was concentrated to about I mL. The solution was added
xenograft model in female athyinic nude mice. The airn of dropwise into 30 mL of ether. The desired product was precipitated

this study was to investigate integrin targeting characteris- as white solid, which was dried in vacuo. The yield was 0.27 g
tics of 64Cu-DOTA-E{E[c(RGDfK)] 2}2 as a potential agent (---61%). 1H NMR (CDCI3) 8-5.23 (br s, IH, NH), 4.82 (in, IH,

for diagnosis and receptor-mediated internal radiotherapy of CH), 2.85 (m, 8H, succinimide group), 2.44-2.25 (in, 2H,

integrin receptor-expressing tumors. CH2CO), 1.52 (m, 2H. CH2CH2CO), 1.46 (s, 9H, t-Bu).

Preparation of Cyclic RGD Peptide Tetramer:
MATERIALS AND METHODS E{E[c(RGDfK)] 2I2

To a solution of the Boc-protected glutamic acid activated ester
All commercially available chemical reagents were used with- Boc-E(OSu) 2 (4.4 ing, 0.01 mmol) in anhydrous DMF (I niL) was

out further purification. DOTA was purchased from Macrocyclics, added the cyclic RGD peptide diiner E[c(RGDfK)]2 (39.4 ing, 0.03
Inc. Dicyclcohexylcarbodiimide (DCC), f-ethyl-3-[3-(dimethyl- miol). The pH of the resulting mixture was adjusted to 8.5-9.0
amino)propyllcarbodiimide (EDC), N-hydroxysulfonosuccinimide with diisopropylethyl amine (DIPEA). The reaction was stirred at
(SNHS), and Chelex 100 resin (50-100 mesh) were purchased room temperature overnight and the desired product, Boc-
from Aldrich. Water and all buffers were passed over a Chelex 100 E{E[c(RGDfK)]2}2, was isolated by semipreparative HPLC. The
column (1 × 15 cm) before use in radiolabeling procedures, collected fractions were combined and lyophilized to give a holluy
Reversed-phase extraction C-18 Sep-Pak cartridges were obtained white powder. The yield was 15 mg (---53%). Electrospray ion-
from Waters. The syringe filter and polyethersulfone membranes ization mass spectroscopy (ESI-MS) (positive mode): m/z = 2,848
(pore size, 0.2 tImln; diameter. 13 amm) were obtained from Nalge for [M -- H]+ (C05 HI-7 N39056, calculated molecular weight [MW] =
Nune International. '251-echistatin, labeled by the lactoperoxidase 2.847). The Boc-group was readily removed by treating Boc-
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L*{ .[c(RGDfK)]2}2 with anhydrous TFA for 5 min. The crude through a multiscreen vacuum manifold and washed twice with
product was purified by I IPLC. The collected fractions were corn- cold binding buffer. The hydrophilic polvvinylidenedilluoride
bined and lyophilized to afford E{E[c(RGDfK)]2 }2 as a white (PVDF) filters were collected and the radioactivity was determined
powder. The yield was 98%. ESI-MS (positive mode): mn/z = using a Nai(TI) y-Counter (Packard Instruments). The best-fit 50%
2,748 for IM -1- H] f (C123Hl, qN;)O5 ,,1 calculated MW = 2,747). inhibitory concentration (lC.j,) values for the U87MG cells were

calculated by fitting the data by nonlinear regression using Graph-
DOTA Conjugation and 6 4Cu Radiolabeling Pad Prism (GraphPad Software, Inc.). Experiments were per-

DOTA-E{E[c(RGDfK)J 2 }2 was synthesized in a manner similar formed twice with triplicate samples.
to that described before (18,26.28,29). Briefly. DOTA was acti-
vated by EDC and SNHS at pH 5.5 for 30 min with a molar ratio Animal Models
of DOTA:EDC:SNHS ý 10:5:4. The DOTA-OSSu reaction mix- Animal procedures were performed according to a protocol
ture (15 Vmol, calculated on the basis of SNHS) was cooled to 4°C approved by Stanford University Institutional Animal Care and
and added to E{E[c(RGDfK)]2}2 (2 mg. 0.6 .inmol) dissolved in Use Committee. Human brain cancer carcinoma xenografis were
500 jxl. of water. The reaction Mixture was adjusted to pH 8.5 with induced by subcutaneous injection of 107 U87MG cells into the
0.1 N of NaOH and was allowed to incubate overnight at 4'C. The right front leg of female aihymic nude mice. Three weeks after
DOTA-coupled peptide was purified by semipreparative HPLC. inoculation of the tumor cells, when the tumor reached 0.4-0.6 cm
The peak containing the tetramer conjugate was collected, lyoph- in diameter. the mice were used for biodistribution and microPET
ilized. and dissolved in water (2 mg/nL) for use in radiolabeling (Concorde Microsystems Inc.) experiments.
reactions. The yield was 1.4 mg (--75%). Matrix-assisted laser
desorption ionization time-of-flight mass spectroscopy (MALDl- In Vivo Metabolic Stability Studies
"rOF MS): ni/z = 3,135.3 for IM + HY (CI,,H,,)5N_.oOi1. calcu- The metabolic stability of r4Cu-DOTA-E{E[c(RGDflK)] 2}, was
lated MW 31135.5) evaluated in normal athymic nude mice using the method de-

DOTA-E{E[c(RGDfK)] 2)2 was radiolabeled with (ACul to obtain scribed in the literature with some modifications (29). Animals
64(Cu-DOTA-E{E[c(RGDf1K) 21,. lit brief. 6"CICu, (74 MBq) was were sacrificed and dissected at 30 riin, I h, and 2 Ih after injection
diluted in 400 ij.L of 0.1 mol/L sodium acetate and added to the of 7.4 MBq of activity into the tail vein. Blood was immediately
DOTA conjugate (5 pLg peptide per mCi 64Cu). The reaction mixture centrifuged for 5 nin at 15,000g. Liver and kidneys were homog-
was incubated for I h at 501C. 64Cu-DOTA-E{E[c(RGDfKf)]2 enized. extracted with 500 VL. PBS, and centrifuged at 15,0(/0g for
was then purified by semipreparative HPLC. The radioactive peak 5 min. After removal of the supernatants, the pellets were washed
containing 64Cu-DOTA-E{E[c(RGDfK)]2}2 was collected, the sol- with I nit. PBS. For each sample, supernatants of both centrifu-
vent was evaporated. and the activity was reconstituted in phos- gation steps of blood, liver, and kidneys were combined and
phate-buffered saline (PBS) and passed through a 0.22-tin syringe passed through Sep-Pak C-18 cartridges. The urine sample was
filter for in vivo animal experiments. diluted with I mL PBS and passed through a C- 18 cartridge. The

cartridges were washed with 2 inL of water and eluted with 2 ml.,
Octanol-Water Partition Coefficient acetonitrile containing 0. 1% TFA. After evaporation of the sol-

Approximately Ill kBq of rOCu-DOTA-E{E[c(RGDfK)] 2}2 in 500 vent, the residues were redissolved in I mL PBS. Aliquots of 400
Ilt., of PBS (pH 7.4) were added to 500 m. of octanol in ani iL were injected onto analytic RP-HPLC.
Eppenidorf microcentrifuge tube. The 2 layers were mixed for 5
nin at room temperature, the tubes were centrifuged at 12,500 rpm Biodistribution Studies
for 5 min (model 5415R Eppendorf microcentrifuge; Brinkman), Female nude mice bearing tumor xenography of human glio-
and 200-ILL aliquots of both layers were counted in a y-counter blastoma U87MG were injected with 0.74-1.11 MBq of 64Cu-
(Packard Ihstruments). The experiment was repeated 3 times. DOTA-E{E[c(RGDfK)1)},. The mice were sacrificed and dis-

sected at 30 min, 1, 2. 4, and 24 h after injection of 6-iCu-labeled
Cell Integrin Receptor-Binding Assay tetrameric RGD peptide. The blocking experiment was performed

In vitro integriii-biniding affinities and specificities of DOTA- by coinjecting radiotracer with a saturating dose of c(RGDyK) (10
conjugated RGD peptides were assessed via displacement cell- mg/kg) and sacrificed at I h after injection. Blood, tumor, major
binding assays using i2-1beliistatin as the ititegrin-specific radio- organs, and tissues were collected and wet weighted. The radio-
ligand. Experiments were performed on human glioblastoma activity in the tissues was measured using a y-counter. The results
U87MG cell line by modification of a method previously described are presented as the percentage injected dose per gram (%ID/g).
(28). Cells were grown in Dulbecco's medium (Gibco) supple- For each mouse, the radioactivity of the tissue samples was cali-
mented with 10% fetal bovine serum (FBS), 100 lU/mL penicillin, brated against a known aliquot of the injectate and normalized to
and 100 m-g/mL streptomycin (Invitrogen Co.), at 37°C in a hu- a body mass of 20 g. Values are expressed as mean ± SD for a
inidilied atmosplicre containing 5% CO 2. During the cell-binding group of 3 animals.
assay experiment, the cells were harvested, washed twice with
PBS, and resuspended (2 X 106 cells/irL) in binding buffer (20 Calibration of microPET
mmol/L Tris, pH 7.4, 150 mmol/L NaCI. 2 mmol/L CaCl2, I Scanner activity calibration was performed to map between
mmol/L MgCI2, 1 mmol/L MnCI2, 0.1% bovine serum albumin). microPET image units and units of radioactivity concentration. A
Filter multiscreen DV plates (96-well: pore size, 0.65 Km; Milli- preweighed 50-mL centrifuge tube was filled with distilled water
pore) were seeded with 10- cells and incubated with i25I-echistatin and 64CuC12 ('-9.3 MBq [-250 pCi] as determined by the dose
(30,000 cpm/well) in the presence of increasing concentrations of calibrator) was used to sinmulate the whole body of the mouse. This
different RGD peptide analogs (0-1.000 nmol/L). The total incu- tube was weighed, centered in the scanner aperture, and imaged for
bation volume was adjusted to 200 p.L. After the cells were a 30-min static image, single bed position. From the sample weight
incubated for 2 h at room temperature. the plates were liltered and assuming a density of I g/nl.. the activity concentration in the

64 Cu-LABE1.ED TF.TRAMERiC RGD PEPTIDE, - Wu et al. 1709



bplple was calculated in units of tiCi/mL. Eight planes were Radiation Dose Extrapolations to the Human
acquired in the coronal section. A rectangular region of interest Radiation-absorbed (loses were not estimated for our U87MG
(ROI) (countls/pixel/s) was drawn on the middle of 8 coronal tumor-bearing mice. However, the mouse biodistribution data

planees. Using these data, a calibration factor (C) was obtained by (uptake. retention, and clearance) were used to project radiation-

dividing the known radioactivity in the cylinder (iXCi/mL) by the absorbed doses that could be expected in human subjects admin-
image ROL. This calibration factor was detennined periodically istered 61Cu-DOTA-E{E[c(RGDfK)] 2 }2. Projected radiation-ab-
and did not vary significantly with time. sorbed doses for humans were made by assuming that. for the

purpose of this exercise, the metabolism rates and pharmacokiniet-
microPET Studies ics of 1'4Cu-DOTA-E{E[c(RGDfK)I_,12 in man and motuse were

P~ET Of tum1nor-bearing inice was p~erformedl onl a mnicroPET R4roEnT model sno earn(oicode w eM edicrosystemsPInc. EThe saR4 equivalent. Therefore, the biodistribution data were assumed to
rodent model scanner (Concorde Microsystems Inc.). The scanner apply to a reference adult humnan subject. Time-activity curves
has comlputer-controlled vertical and horizontal bed motion, with were generated from the mean values obtained in mice for each
an effective axial field of view (FOV) of 7.8 cm and a transaxial

FO\'oh 0 c. U7MGtumcr-baritg ice(ii 3)wer imged organ of interest. We then Calculated Source organ residence thimesFOV of' 10 cm. U87MG tuior-bearing mice (n = 3) were imaged for the hunman model by integrating a monoexponential lit to the
in the prone position in the microPET scanner. The mice were experimental biodistribution data for each organ or tissue by
injected with about 9.3 Mlq of '-Cu-DOTA-E{E[c(RGDfK)l 2_12 standard methods. The whole-bodv time-activity Curve was iule-
via the tail vein and then anesthetized with 2% isoflurane and grated by fitting the ity'dcurve a iptei

placed near the center of the FOV of the microPET where the exponentingrepresented the retention data
highest image resolupion and sensitivity are obwained. Tie 10-rinh

nm ore closely than a single exponential equation. The source organ
static scans were obtained at 15 ruin. 30 min and 1, 2. 4, and 18 h residence tirnes obtained forthwith were used with a standard
after injection. The images were reconstructed by a 2-dimensional quantitation platform Organ Level Internal Dose Assessment
ordered-subsets expectation nmaximum (OSEM) algorithm. No cor- (OLINDA; Vanderbilt University) (30). Note that the residence
rection was necessary for attenuation and scattering. At each time for the urinary bladder was calculated without incorporating
mnicroPET scan, ROls were drawn over each tumor, normal tissue, a dynamic bladder model.
and major organs on decay-corrected whole-body coronal irn-
ages. The average radioactivity concentration (accumulation) Statistical Analysis
within a tumor or an organ was obtained froom mean pixel values The data were expressed as means ± SD. One-way ANOVA
within the multiple ROI volumes, which were converted to was used for statistical evaluation. Means were compared using the
countis/iL/min by using the calibration constant C. Assuming a Student t test. P values < 0.05 were considered significant.
tissue density of I g/mL. the ROls were then converted to
coUnts/g/min, and then divided by the administered activity to RESULTS
obtain an imaging ROl-derived percentage administered activ-
ity per gram of tissue (%lD/g). For a receptor-blocking exper- Chemistry and Radiochemistry
iment, mice bearing U87MG tumors on the right front leg were The synthesis of DOTA-E{E[c(RGDfK)1 2}2 (Fig. 1) was

iniaged at I h (10-min static scan) after administration of 9.3 performed through an active ester method by coupling Boc-

MBq of 0'4Cu-DOTA-E{E[c(RGDfK)]2} 2 coinjected with 10 Glu(OSu)-OSu with dimeric RGD peptide E[c(RGDfK)] 2

mg/kg c(RGDyK). followed by TFA deprotection. In aqueous solution, DOTA

HOOC

HOOC \_ "N N -\ C OOH

NH2,
HN-( Arg

HN -\,

0 HN:O
H Cy •--\/ H NH HN--y

NH H ) Lys o-Os-- N- -
"', 

-- Nw a f N NH HN"tNH Hh 'NH H '" HNH As

N H P

~ N-j 0-" ,.N j COOH

H . NH
N 0 -Ph.

IGURE 1. Schematic structure of DOTA- N HN-
1 E TE[c(RGDfrK)12)o. The tetrameric RGD pep- H o. 4 " N0 05
tide was synthesized by coupling Boc- "9'NH H H
Glu(OSu)-OSu with dimeric RGD peptide O_/ N
E[c(RGDfl)] 2 followed by removal of Boc 0 0 HNXa
protecting group. DOTA conjugation was re- r H/CH NH
alized by reacting monolactive ester of DOTA HIN o0c 0H

with the free amino group on the N-terminal HýN >NH ,
glutamate.
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.Ws activated with SNI--S/EDC., and the resulting DOTA- In Vivo Metabolism of 64 Cu-DOTA-E{E[c(RGDfK)] 2}2

OSSu ester was conjugated with tetrameric cyclic RGD The metabolic stability of 6tCu-DOTA-E{E[ c(RGDIfK)]2}2
peptide. The overall yield of DOTA-EtE[c(RGDfK)]2} 2  was determined in mouse blood and urine and in liver and

was about 251' starting from Boc-Glu. 64Cu labeling of kidney homogenates at 30 rain, I h. and 2 h after tracer

DOTA-RGD tetramer conjugate was performed using 64Cu injection. The extraction efficiency of all organs was be-

having a measured specific activity of I Ci/pmol (37 MBq/ tween 65% and 100% (Fig. 3A). The lowest extraction
nmol) at >95% radiochemical purity as determined by efficiency was found for the kidney homogenates. Between

analytic I-PLC (decay corrected). The 6 41Cu-DOTA- 5% and 10% of the total activity could not be fixed on the

E(E[c(RGDfK)l,}+ was purified by semipreparative HPLC. C-18 cartridges, which can be related to very hydrophilic

On the analytic HPLC. we observed no significant differ- metabolites and protein-bound activity. The HPLC analyses

ence between 64Cu-radiolabeled tracer anrd unlabeled con- of the soluble fraction of all organs and tissues allowed

jugate. The tetrameric peptide tracer showed intermediate detection of only one major radiolabeled metabolite with the

hydrophilicity, as indicated from octanol-water partition retention time between 3.3 to 4.0 min. The retention time for

coefficient measurements, with a loo P value of - 1.60 ±- -Cu-DOTA-E{E[c(RGDfK)],1 2 was about 17.5 min (Fig.

0.10. 3B). The tracer was stable in both blood (96.3% ± 3.5%
intact tracer) and urine (95.3% ± 4.8% intact tracer) sam-

Cell Integrin Receptor-Binding Assay pies at 30 rain after injection, but some degradation was
The receptor-binding alfinity studies of DOTA- found at late time points. The amount of intact tracer in the

E{Elc(RGDfK)]21? for ca, integrin were performed using kidneys was approximately 70% at 30 min after injection
tx, Z integrin-posiive U87MG cells rather than isolated and rapidly dropped to 21% over 2 h. This tracer in the liver

receptors cx,033. Binding on the cell membrane allows showed rapid metabolism. Representative HPLC profiles of
cross-linking and integrin receptor multimerization, by the soluble fractions of the different samples are shown in

which multivalent binding and clustering of receptor is Figure 3C.
studied in the natural context of the integrin (31). We
compared the receptor-binding affinity of DOTA conju- Biodistribution Studies

gated tetrameric RGD peptide with that of unlabeled The biodistribution data of6lCu-DOTA-E{E[c(RGDflKQ] 2}_
echistatin. E(E[c(RGDfK)],}., E[c(RGDfK)]2, and DOTA- in human U87MG glioma tumor-bearing athymic nude mice
Elc(RGDfK)] 2 by performing competitive displacement stud- are shown in Figure 4A as the percentage administered
ies with '251-echistatin (Fig. 2). All the peptides inhibited the activity (injected dose) per gram of tissue (%ID/g). This

binding of 1251-echistatin to cx,. integrin-positive U87MG radiolabeled peptide displayed rapid blood clearance
cells. The IC50 values for echistatin, E{E~c(RGDfK)]2 2, (0.61 ± 0.01 %ID/g at 30 min after injection and 0.21 -
and Elc(RGDfK)]2, were 1.2 ± 0.1, 15.0 _± 1.1, and 32.2 ± 0.01 %ID/g at 4 h after injection). Rapid and high activity
2.1 nmol/L, respectively. DOTA chelation had minimal accumulation in the ux, 3:-positive U87MG tumors was
effect on the receptor avidity of dimeric and tetrameric observed at early time points (9.93 ±- 1.05 %ID/g at 30
RGDs. The IC 50 values for DOTA-E{E[c(RGDfK)12}2 and min after injection). Tumor uptake slowly decreased to
DOTA-E[c(RGDfK)] 2 were 16.6 ± 1.3 and 48.4 ± 2.8 7.61 ± 0.68 %ID/g at 2 h after injection, and 4.56 ± 0.51
nmol/L, respectively. The cell-binding assay demonstrated %ID/g over 24 h. The biologic retention half-time t1 /2 of
that RGD tetramer had about 3-fold and almost 10-fold the 64Cu-labeled tetrameric RGD peptide tracer was 4.3 h
higher integrin avidity than the colTesponding dimneric (19) (R2 = 0.99) in the turnor. The renal associated activity
and monomeric (25) RGD peptide analogs, respectively, was initially high (9.02 ± 0.56 %ID/g, 30 min after

injection), but fell to 2.83 _ 0.22 %ID/g at the end of

24 h (biologic retention t112  1.72 h, R2 = 0.99) (Table
1). Moderate liver activity accumulation (e.g., 4.38 1

--100: - c(RGDtK)12  0.39 %ID/g at I h and 2.34 ± 0.18 %ID/g, respectively)

M~ 80. a DTA-E[c(RGDfK)] 2  was also observed at all times.

060, DOTA-E{E[c(RGDfK)],}, A receptor specificity was demonstrated by coinjection of
* Echistatin c(RGDyK) (10 mg/kg), which is integrin (cx43 positive, with

40. 64Cu-DOTA-E (E[c(RGDfK)] 2 }2 and measuring the biodis-
m• 20 tribution at I h after injection A significant decrease of

7S 2___ _ - radioactivity in all dissected tissues is shown in Figure 4B.
-11 -10 -9 -8 -7 -6 -5 Uptake in tumor was reduced most markedly from 9.70

Log (mot/L) %ID/g to 1.75 %ID/g. This experiment showed that the
uptake and retention of 64Cu-DOTA-E{E[c(RGDfK)] 2 }2

FIGURE 2. In vitro inhibition of 1251-echistatin binding to upcane bcd nn th p 1ce of exeso nradioactiv
integrin on human glioblastoma cell line U87MG by echistatin, can be blocked in the presence of excess of nonradioactive

E[c(EGDfK)]2, DOTA-E[c(EGDfK)]2, E{E[c(RGDfK)]2}2, and DOTA- RGD pepticle in the U87MG tumor as well as in other
E{E[c(RGDfK)] 2}2. Results are means of 3 experiments. organs, except blood and kidney. This simple blocking
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FIGURE 3. (A) Extraction efficiency of liver and kidney homogenates, blood, and urine samples at 30 min, 1 h, and 2 h after tracer
injection in normal athymic nude mice (n - 3). (B) Time course of intact tracer in soluble fraction of blood, urine, and organ
homogenates. (C) Representative HPLC elution profiles of soluble fraction of blood and urine samples, liver, and kidney homog-
enates collected 1 h after tracer injection.

experiment does not allow us to conclude with absolute than for 64Cu-DOTA-E[c(RGDfK)]_ (P < 0.001). Alto-

certainty that tumor uptake of 64Cu-DOTA-E{[fE[c(RGDfK)]1 2} gether, the prolonged tumor retention and rapid clearance
is attributed to specific peptide-receptor interaction unless from nontarget organs led to very high tumor-to-nontumor

dose-dependent inhibition of tumor uptake is observed by ratios for the tetrameric RGD peptide tracer (e.g., at 2 h time
coinjecting varying amounts of competing agents. point, tumor-to-blood ratio = 34.8 ± 2.7; tumor-to-muscle

Acomparison of the kinetics of excretion of 64Cu-DOTA- ratio = 15.9 -+ 1.2; tumor-to-liver ratio = 2.32 ± 0.18;

E[c(RGDfK)]2 and 64Cu-DOTA-E{E[c(RGDf`K)] 2} from tumor-to-kidney ratio 1.54 + 0.12; and tumor-to-small
the blood, liver, kidneys, and U87MG tumors is shown in intestine ratio = 3.95 - 0.30).
Figure 5. Both tracers demonstrated rapid blood clear-

ance with the tetramer (biologic t1 2 = 0.56 h; R2 = 0.99) microPET Studies

slower than the dimer (biologic t1/2 0.20 h; R2 = 0.99). The localization of 64Cu-DOTA-E{E[c(RGDfK)]2 }2 in

The renal uptake of the tetramer was significantly higher human U87MG tumor-bearing nude mice (n = 3) was

than that of the dimer at all time points (P < 0.0001), peiformed by multiple time-point static microPET scans.

presumably because of the charge differences of these 2 Figure 6A shows coronal microPET images of a female

conjugates. No significant difference was seen between 2 mouse at different times after injection following adminis-

tracers in the liver uptake at early time points (P > 0.1), tration of 9.1 MBq (245 [iCi) of the radiotracer. All micro-

but the tetramer displayed persistent activity accumula- PET images were decay corrected. The tumor was clearly

tion in the liver while liver activity for the dimer was visualized with high tumor-to-contralateral background
slowly excreted. The relatively lipophilic character of the contrast, with the ratio higher than 5 at all times examined.

cyclic RGDfK tetramer (log P = -1.6 ± 0.1) may be Quantification of activity accumulation in the tumor and
responsible for the hepatic residualization of this tracer, major organs (Fig. 6B) agreed well with that obtained from

The uptake for 6'ICu-DOTA-E{E[c(RGDfK)]1}] in the inte- direct tissue sampling, except that the tumor-to-muscle ratio

grin-positive U87MG tumor was more than 2-fold higher obtained from microPET was lower than that from biodis-
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6Cu-DOTA-E{E[c(RGDfK)I2}2 in athymic nude

2 mice bearing subcutaneously xeno-trans-
planted U87MG tumors. Data are expressed
as normalized accumulation of activity in %ID/

0 g :i SD (n - 3). (B) Biodistributions of 6"Cu-

.o O ZP . , , ' DOTA-E{E[c(RGDfK)]2)2 in U87MG tumor-
"4,v , bearing athymic nude mice at lh with and

without coinjection of 10 mg/kg of c(RGDyK)
as a blocking agent (n = 3).

tribution studies (P < 0.002). No activity accumulation was
observed in the normal brain, presumably because of a low
a, integrin expression level and an intact blood-brain bar- TABLE 1
rier (BBB). Comparison of tumor uptakes in mice with and Average Fractional Uptake at Time Zero and Biologic Half-

without coinjection of blocking dose of nonradioactive Times for Each Organ of Tumor-Bearing Mice According

RGD pcptide c(RGDyK) is illustrated in Figure 6C. Tumor- to Biodistribution Data (n = 3)

to-background contrasts at I h after injection for the control Fractional uptake Biologic half-times
group and blocked group were 8.7 ± 1.5 and 2.3 -_ 0.6, Organ (%) (h)
respectively. Heart 0.19 3.52

Radiation Dosimetry Lung 0.76 3.11
Table 1 shows the fractional uptake at time zero together Liver 3.48 10.45

Kidneys 2.49 2.95with the biologic half-times for each organ of the mouse Spleen 0.19 6.00
based on monoexponential clearance. Also shown are the Pancreas 0.09 9.32
biologic half-times and applicable fractions for the remain- Brain 0.05 8.52
der of body based on a biexponential clearance function. Urine*t 25.0 0.05; 1.85
The fractional uptakes (%ID) were greatest for the urinary Remainder of body* 9.2 0.07; 4.40

bladder, tumor, and liver. These parameters were used to

project radiation-absorbed doses per unit administered ac- *Biologic half-times were calculated based on a biexponential
tivity in an adult human (Table 2). These results predict that clearance function.

the highest radiation-absorbed doses will be to the urinary tUrinary bladder fraction calculated assuming no excretion.
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FIGURE 5. Comparison of biodistributions of 64Cu-DOTA-E{E[c(RGDfK)]2}j, (0) and 64Cu-DOTA-E[c(RGDfK)]2 (0) in U87MG
tumor-bearing athymic nude mice. Error bars denote SDs (n = 3).

bladder wall (0.262 mGy/MBq), kidneys (0.0296 mGy/ competition. Dimeric RGD peptide E[c(RGDfK)]2 was con-
MBq), and liver (0.0242 mGv/MBq). The whole-body ab- jugated with DOTA or HYNIC. which enables labeling with
sorbed close was found to be 0.0164 mSv/MBq adminis- IIIln (21), 10Y (21,23), 64Cu (19), and 9'""Tc (18,22). The
tered. dimeric RGD peptide tracer showed higher receptor-binding

affinity and specificity for integrin •*,.3 3 in vitro and en-
DISCUSSION hanced tumor uptake and retention in vivo as compared with

This study describes the synthesis of a tetrameric RGD the monomeric RGD peptide analog. A single injection of

peptide ligand for radiolabeling with the positron-emitting 9 'Y-DOTA-E[c(RGDfK)] 2 at maximum tolerated dose
radionuclide 64Cu for imaging tumnor integrin expression. caused a signilicant delay in tuinor growth in a small
The new tracer 6&Cu-DOTA-E{E[c(RGDfK)],}2 (Fig. 1) subcutaneous OVCAR-3 ovarian xenograft tumor model
shows a very high tumor-to-nontumor contrast and should (21). We found that replacing D-phenylalanine with D-

be useful for targeted diagnosis and radiotherapy of integrin tyrosine increased the hydrophilicity of the dimeric RGD
U4133-positive tumors. pepticle and, consequently, resulted in increased integrin-

A variety of radiolabeled peptides are being evaluated for mediated tumor uptake and more favorable biokinetics in
tumor localization and therapy. Radiolabeled RGD peptides an orthotopic MDA-MB-435 breast cancer model (19).
are of particular interest because they bind to the integrin E[c(RGDyK)] 2 was also labeled with 18F by using a pros-
oXv.33 overexpressed on newly formed blood vessels and thetic 4-18F-fluorobenzoyl group and showed significantly
cells of many common cancer types. However, most small higher tumor uptake and prolonged tumor retention in com-
cyclic RGD peptides tracers result in fast blood clearance parison with the '8F-labeled monomeric RGD peptide be-
accompanied by low tunor uptake and rapid tumor wash- cause of the synergistic effect of bivalency and improved
out, presumably clue to suboptimal receptor-binding affinity pharmacokinetics (20).
and inadequate contact with cell-surface integrin receptors Although the dimeric RGD peptide tracers had some
(17,24-29,32-34). incremental improvement on tumor targeting and pharnma-

We and others (18-23) have previously applied the con- cokinetics as compared with the monomeric RGD peptide
cept of bivalency to develop dimeric RGD pepticles for analogs, the intermediate tumor uptake and persistent renal
improved tumor targeting over that of the corresponding activity accumulation of this type of radioligand prevent
monomeric RGD pepticle analogs. In principle, the intro- their translation into human beings for diagnostic or thera-
duction of the homogeneous dimeric RGD peptide system is peutic applications.
expected to improve integrin targeting by cooperative re- We hypothesize that multimerization to introduce
ceptor interactions and receptor shielding to endogenous tetrameric RGD peptides might further increase the re-
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FIGURE 6. (A) Decay-corrected whole-body coronal microPET images of nude mouse bearing human U87MG tumor at 15 and
30 min and at 1, 2, 4, and 18 h (10-min static image) after injection of 9.1 MBq (245 fiCi) of 64Cu-DOTA-E{E[c(RGDfK)] 2}2. (B)
Time-activity curves derived from multiple time-point microPET study. ROls are shown as the mean %lD/g - SD (n = 4). (C)
Comparison of tumor uptakes in mice injected with 64Cu-DOTA-E{E[c(RGDfK)]2}2 at a dose of 9.3 MBq with (top) or without (bottom)
10 mg/kg c(RGDyK).

ceptor-binding affinity presumably because of the poly- PET data may be applied to directly measure affinity
valency effect. In this study, we designed a new tet- constants and binding potential in vivo.
rameric RGD peptide with repeating c(RGDfK) units Kidney retention of "Cu was much longer for 64Cu-DOTA-
connected through glutamate linkers. A cell receptor- E{E[c(RGDfK)] 2) 2 than for 64Cu-DOTA-E[c(RGDfK)] 2
binding assay using integrin-positive U87MG cells and (Fig. 5). Differences in renal uptake and excretion may be
'251-echistatin as the radioligand found integrin avidity of related to the charge differences of these 2 conjugates.
E{E[c(RGDfK)]2} > E[c(RGDfK)]2 > c(RGDfK) (Fig. The tetrameric RGD peptide tracer is more positively
2). DOTA conjugation had a minimal effect on the inte- charged than the dimeric RGD peptide tracer because of
grin affinity of the RGD peptides. When applied to the the presence of more secondary amino groups, similar to
subcutaneous U87MG glioblastoma xenogarft model, what is observed for the difference between dimers and
6 1Cu-DOTA-E{E[c(RGDfK)] 2} 2 showed high tumor up- monomers (18-23). The positively charged radiopeptides
take and primarily renal and secondarily hepatic excre- or metabolites are usually retained in the kidney after
tion rottes (Figs. 4 and 6). The initial high tumor uptake resorption by renal tubular cells and lysosomal proteol-
might be attributed to the high integrin affinity of the ysis (36). We also note from Figure 5 that the enhanced
tracer. The increased molecular size resulting in longer tumor uptake of the tetramer compared with the dimer is
blood circulation time might be responsible for the pro- accompanied by a similar increase in renal uptake. Thus,
longed tumor retention. At any given time, the in vivo tumor-to-kidney ratios do not increase significantly when
tumor signal not only is attributed to specific binding but using the tetrameric RGD peptide tracer and, conse-
also presents contributions from nonspecific binding, free quently, the therapeutic window may not be increased
ligand in tissue, and intravascular activity. Kinetic mod- and the advantage of a tetramer over a dimer might be
cling (e.g., Logan plot) (35) of the noninvasive dynamic modest. Blocking cationic binding sites in the kidneys
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TABLE 2
Estimatedl Rad iati on -Absorbed Doses to Adult Human After Intravenous Injection of 640u-DOTA-E[E[c(RGDfK)] 212 Based

on Average Biodistribution Data Obtained in U87MG Glioblastoma-Bearing Nude Mice (n =3)

Target organ mGy/MBq (SID) rad/mCi (SID)

Adrenals 2.07E -03 (1.31 E- 04) 7.67E-03 (1.23E-03)
Brain 4.73E-04 (3.64E-05) 1.75E-03 (1.35E-04)
Breasts 6.58E-04 (1.05E-04) 2.43E -103 (3.89E -t04)
Gallbladder wall 3.00E-03 (4.80E-04) 1.11 E-02 (1.78E-03)
Lower large intestine 3,94E-03 (6.30E-04) 1 .46E- 02 (2,34E-03)
Small intestine 2.19E-03 (3.50E-04) 8.10E-03 (1.30E-03)
Stomach wall 1.28E-03 (2.05E-04) 4.74E-03 (7.58E--04)
Upper large intestine 2.04E-03 (3.26E-04) 7.53E-03 (1.20E-03)
Heart wall 3.22E-03 (6515E-05) 1.19E-02 (2,27E-04)
Kidneys 2.96E-02 (1 .84E-03) 1.1 0E-01 (6.84E-03)
Liver 2.43E-02 (1.56E-03) 8.98E --02 (5.76E-03)
Lungs 9.57E-04 (2.34E-05) 3.54E-03 (8.66E-05)
Muscle 1.55E-03 (8.90E -05) 5.74E-03 (3.30E--04)
Ovaries 3.74E-03 (5.98E-04) 1 .38E- 02 (2.21 E-03)
Pancreas 1.15E-02 (4.73E-04) 4.24E-02 (1.74E-03)
Red marrow 1,28E-03 (2.05E-04) 4.75E-03 (7,60E-04)
Osteogenic cells 1.46E-03 (2.34E-04) 5.41 E -03 (8.66E -04)
Skin 8.32E--04 (1.33E-04) 3.08E--03 (4.93E-04)
Spleen 8.16E-03 (1.64E-03) 3.02E-02 (6.07E-03)
Testes 2.72E-03 (4,35E-04) 1.0 1E -02 (1.62E --03)
Thymus 6.80E-04 (1 .09E-04) 2.51 E -03 (4.02 E - 04)
Thyroid 5.05E-04 (8.08E-05) 1.87E-03 (2.99E-04)
Urinary bladder wall 2.62E-01 (4.72E-02) 9.69E-01 (1.75E-01)
Uterus 7.92E-03 (1.27E-03) 2.93E -02 (4.69E-03)
Total body dose 2.35E-03 (3.76E-04) 8.69E-03 (1.39E-03)
Effective dose* 1.64E-02 (2.95E-03) 6.06E-02 (1.09E-02)

*In unit of mSv/MBq or rem/mCi.

with cationic amnino acid infusion was rcportcd to reduce mediated localization of 64Cu-1DOTA-E{E~c(RGDyKYj 2)2
renal uptake without compromising the tumor activity in nonturnor tissues will affect its imaging as well therapeu-
accumulation in both mice and humans (37). We expect tic application requires further investigation.
that renal uptake of 64Cu-]DOTA-E{ E[c(RGDfKAj2 12 may The OLINDA software (30), as a replacement for
be blocked by coadministration Of D- or L.-lysines (37). MIRDOSE3, provides a calculation of the effective dose
Modification of ]DO1A-E{E[c(RG]DfK)] 2 12 Conjugation for human adults as defined in ICRP Publication 60 (38).
by inserting a pharmacokinetic moditier to make the The urinary bladder received the highest absorbed doses,
64Cu -labeled complex neutral or negatively charged may reflecting rapid clearance of most of the injected 64Cu-

also improve the biokinetics of the tracer. Tetrarneric ]DOTA-E{E[c(RGDyK)] 2}2 into the bladder and making
RGD peptide tracer had moderate but persistent liver it the limiting organ as far as the amount of 6 4Cu-DOTA-
uptake. Although the factors that exert this influence are E{E[c(RG]DyKYJ 2 ]2 that can be injected. Hlowever, the
not fully understood, it is clear that the charge, lipophi- patient's voiding interval affects the radiation dose ab-
licity, and stability of the copper complex play major sorbed by the urinary bladder and, becatuse the urinary
roles. Our pervious experience With 64CU-labeled dimeric bladder is the limiting organ, the patient's frequency of
ROD peptide found that replacingl D-Phe with D-Tyr urination will change the bladder close. Previotus nonhu-
increased the hydrophilicity of the resulting radiotracer mian primate imaging studies with 61CU-labeled oct-
and subsequently reduced liver uptake (19). We suggest reotidle 6'

4CII-TETA-Y3-TATE found that the bladder
that 6,Cu1-DOTA-E{E[c(RGDyK)] 2 12 may exhibit less dose could be reduced >7-fold by a normal voiding
liver uptake than 6 4C1-]DOTA-E{E[c(RG]Df`K)],} 2 . scheme as compared with no excretion assumption (39).

In addition to U87MG tumor, 6&lCtmlabeled RGD tetramer If this is also true for our tetrameric RGD peptide tracer,
uptake in some normal organs and tissues was also inhibited then the kidneys appear to be the most affected and
by coadministration of an excess amount of monomeric dose-limiting organs in human studies with regard to
RGD peptide c(RGDyK) (Fig. 413). Western blot analysis of toxicity. The human kidney and liver doses of 64Cu-

the tissue lysates suggested that these organs express a low DOTA-Ef E[c(RGDfK)] 24 2 calculated from mouse bio-
amount of integrin (X413 (data not shown). Whether integrin- distribution data (0.030 and 0.024 mGy/M13q, respec-
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8

9 Near-infrared fluorescence optical imaging is a powerful technique for studying diseases at the
10 molecular level in preclinical models. We recently reported that monomeric RGD peptide c(RGDyK)
1.1 conjugated to the NIR fluorescent dye specifically targets integrin receptor both in cell culture and in
12 living subjects. In this report, Cy5.5-conjugated mono-, di-, and tetrameric RGD peptides were evaluated
13 in a subcutaneous U87MG glioblastoma xenograft model in order to investigate the effect of
14 multimerization of RGD peptide on integrin avidity and tumor targeting efficacy. The binding affinities
15 of Cy5.5-conjugated RGD monomer, dimer, and tetramer for a•/! integrin expressed on U87MG cell
16 surface were determined to be 42.9 ± 1.2, 27.5 ± 1.2, and 12.1 ± 1.3 nmol/L, resp)ectively. All three
17 peptide-dye conjugates had integrin specific uptake both in vitro and in vivo. The subcutaneous
18 U87MG tumor can be clearly visualized with each of these three fluorescent probes. Among them,
19 tetramer displayed highest tumor uptake and tumor-to-normal tissue ratio from 0.5 to 4 h postinjection.
20 Tumor-to-normal tissue ratio for Cy5.5-conjugated RGD monomer, dimer, and tetramer are found to
21 be 3.1.8 ± 0.16, 2.98 ± 0.05, and 3.63 ± 0.09, respectively, at 4 h postinjection. These results suggest
22 that Cy5.5-conjugated monomeric, dimeric, and tetrameric RGD peptides are all suitable for integrin
23 expression imaging. The multmerization of RGD peptide results in moderate improvement of imaging
24 characteristics of the tetramer, compared to that of the monomer and dimeric counterparts.
25
26

27 INTRODUCTION significantly up-regulated in activated endothelial cells 51

28 Near-infrared fluorescence (NIRF)' optical imaging is and fast-growing solid tumor cells, compared to its 52
29 emerging as a powerful technology for studying diseases minimum expression in quiescent blood vessels and most 53
30 at molecular level in small animal models (1-5). Water normal tissues (22, 23). The ability to noninvasively 54
31 and biological tissues have minimal absorbance and image the integrin affii expression in living subjects 55
32 autofluorescence in the NIR window (650-900 nm), thus would render a novel approach to diagnose tumor and 56
33 allowing efficient photon penetration into, and out of its metastasis and to help to better understand tumor 57
34 tissue with low intra-tissue scattering. Recent advances biology of angiogenesis, as well as to greatly facilitate 58
35 in the field of molecular imaging have demonstrated that the development of integrin targeted therapy. For this 59
36 this technology can be used for monitoring the biological purpose, numerous molecular probes have been devel- 60
37 activity of a wide variety of molecular targets such as oped for imaging integrin expression using different 61
38 intracellular enzymes (6-10), cell surface receptors (11- modalities such as magnetic resonance imaging (24), 62
39 16), and antigens (17-18), as well as other targets (19- ultrasound (25--27), optical imaging (28-.30), positron 63
40 20), providing a unique opportunity to achieve insight emission tomography (PET) (31--40), and single-photon 64
41 into the biological events involved with these molecules emission computed tomography (SPECT) (41-44). 65
42 of interest. Moreover, NIR optical imaging technology is We reported recently that NIRF dye Cy5.5-labeled 66
43 a highly sensitive imaging modality, which does not monomeric arginine-glycine-aspartic acid (RGD) peptide 67
44 require use of ionizing radiation or radioactive materials c(RGDyK) specifically targets integrin cPfi3 both in cell 63
45 (1--5). It is expected that NIR optical imaging will make culture and in living subjects (28). Cy5.5-c(RGDyK), 69
46 a significant impact in disease detection and staging, however, had only moderate integrin binding affinity and 70
47 drug development, and treatment assessment, thus might provide suboptimal tumor targeting efficacy. 71
48 The cell adhesion molecule integrin ,fP3 is a very We and others found that dimeric and multimeric RGD 72
49 important factor involved in angiogenesis and metastasis peptides, consisting of multiple cyclic RGD monomer 73
50 in many tumor types (20-22). It is found that ot,/33 is appropriately linked together, have significantly higher 74

integrin avidity than the monomeric counterpart, pre- 75
* To whom correspondence should be addressed. Phone: sumably due to the polyvalency effect (35-37, 43, 44). It 76

(650)725-0950,Fax: (650)736-7925,E-mail: shawchen@stanford.edu. was hypothesized that the receptor binding of one RGD 77
1 Stanford University. cyclic peptide moiety will significantly enhance the "local 78

Huazhong University of Science and Technology & Tongji concentration" of the other RGD peptide moieties in the 79
Hospital.

I Abbreviations used: NIRF, near-infrared fluorescence; RGD, vicinity of the receptor, which may lead to a faster rate 80
arginine-glycine-aspartic acid; HPLC, high-performance liquid of receptor binding or a slower rate of dissociation of the 81
chromatography; PET, positron emission tomography; SPECT, oligomer from the integrin aC,,t33 receptor. In this report, 82
single photon emission spectroscopy; pi, postinjection. we evaluate the effect that multimerization of RGD 83
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Figure 1. Schematic structures of Cy5.5-conjugated RGD monomer Cy5.5-c(RGDyK), dimer Cy5.5-E[c(RGDyK)]2, and tetramer
Cy5.5-E{E [c(RGDyK)2}2.

84 peptide has on integrin binding affinity and tumor equipped with a 170U 4-Channel UV-Vis absorbance 106
85 targeting efficacy in three novel NIRF probes: Cy5.5- detector (Dionex Summit HPLC system, Dionex Corpora- 107

86 labeled monomer c(RGDyK), dimer E[c(RGDyK)]2, and tion, Sunnyvale, CA) using a Vydac protein and peptide 108
87 tetramer E{E[c(RGDyK)]i}2 (structures are shown in column (218TP510, 5 pm 250 x 10 mm). The flow was 5 109
88 Figure 1). mL/min, with the mobile phase starting from 95% solvent 11o

A (0.1% TFA in water) and 5% solvent B (0.1% TFA in 111
89 MATERIALS AND METHODS acetonitrile) (0--3 min) to 35% solvent A and 65% solvent 112

90 General. All commercially available chemical reagents B at 33 min. The analytical HPLC method was performed 113

91 were used without further purification. 9-Fluorenyl- with the same gradient system, but with a Vydac 114

92 methoxycarbonyl (Fmoc) amino acids and 2-chlorotrityl 218TP54 column (5 Pmr, 250 x 4.6 mm) and flow rate of 115

93 chloride resin were purchased from Novabiochem (San 1 mL/min. 116

94 Diego, CA). Arginine and lysine were protected by the Peptide Synthesis. Monomeric cyclic RGD peptide 117
95 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (PbH) c(RGDyK) (MW = 617.6) was synthesized via solution 118
96 and tert-butoxycarbonyl (Boc) groups, respectively, while cyclization of the fully protected linear pentapeptide 119

97 I)-tyrosine and aspartic acid were protected as a tert-butyl H-Gly-Asp(OtBu)-D-Tyr(OtBu)-Lys(Boc)-Arg(Pbf)-OH, fol- 120
98 ester. Cy5.5 monofunctional N-hydroxysuccinimide (NHS) lowed by trifluoroacetic acid (TFA) deprotection (45). 121
99 ester (Cy5.5-NHS) and 12 51-echistatin labeled by the Dimeric RGD peptide, E[c(RGDyK)]2, was prepared ac- 122
100 lactoperoxidase method to a specific activity of 2000 Ci/ cording to the literature method (37). The tetrameric 123

101 mmol were purchased from Amersham Biosciences (Pis- RGD peptide E{E[c(RGDyK)].1} was obtained by coupling 124
102 cataway, NJ). Echistatin was purchased from Sigma (St. Boc-protected glutamic acid activated ester Boc-E(OSu)2 125
103 Louis, MO). The purification of the crude product was with RGD dimer E[c(RGDyK)]2 in the presence of diiso- 126
104 carried out on a semipreparative reversed-phase high- propylethylamine (DIPEA) (pH = 8.5-9) followed by 127
105 performance liquid chromatography (HPLC) system semipreparative HPLC purification (46). 128
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NIR Fluorescence Imaging of Integrin of13  C

129 Cy5.5-RGD Conjugates Synthesis. Appropriate RGD was used as a light source for fluorescence excitation. 198
130 peptide (monomer, dimer, or tetramer) (5 /mol) was Images were taken using a thermoelectrically cooled 199
131 dissolved in 1 mL of 0.1 M sodium borate (Na2 B40 7 ) charge-coupled device (CCD) (Micromax, model RTE/ 200
132 buffikr (pH = 8.3) and then mixed with 1.2 equiv of Cy5.5- CCD-576, Princeton Instruments Inc., Trenton, NJ) and 201
133 NHS (6.7 mg, 6 ymol) in H 20 (1 mL). The reaction analyzed using MetaMorph Software version 6.2r4 (Mo- 202
13,4 mixture (pH = 8.1) was incubated in the dark at 4 'C lecular Devices Corporation, Downingtown, PA). 203
135 overnight and then quenched by adding 200 jL of 5% In Vivo Optical Imaging of Tumors. In vivo fluo- 204
136 acetic acid (HOAc). The crude product was purified by a rescence imaging was performed with an IVIS 200 small 205
137 semipreparative reversed-phase HPLC and characterized animal imaging system (Xenogen, Alameda, CA). A Cy5.5 206
138 by an analytical HPLC and matrix-assisted laser desorp- filter set was used for acquiring Cy5.5-conjugated RGD 207
1:39 tion/ionization time-of-flight mass spectrometry (MALDI- monomer, dimer, and tetramer fluorescence in vivo. 208
140 TOF-MS). ca-Cyano-4-hydroxycinnamic acid (ct-CHCA, Identical illumination settings (lamp voltage, filters, 209
141 prepared as 10 g/L in 33.3% CH 1CN: 33.3% EtOH: 33.3% f/stop, field of views, binning) were used fir acquiring 2:10
1.42 H20: 0.1% TFA) was used as solid matrix. Fractions all images, and fluorescence emission was normalized to 211
143 containing RGD-Cy5.5 conjugates were collected, lyo- photons per second per centimeter squared per steradian 212
144 philized, redissolved in saline at a concentration of 1 mg/ (p/s/cm 2/sr). Images were acquired and analyzed using 213
145 mL, and stored in the dark at -20 'C until use. Living Image 2.5 software (Xenogen, Alameda, CA). For 214
146 U87MG Glioblastoma Xenograft Model. U87MG the control experiment, mice (n = 3 for each probe) were 215
147 human glioblastoma cell line was obtained from Ameri- injected via tail vein with 500 pniol Cy5.5-RGD (m1ono- 216
148 can Type Culture Collection (Manassas, VA) and was mer, dimer, or tetramer) and subjected to optical imaging 217
149 maintained at 37 'C in a humidified atmosphere contain- at various time points postinjection (pi). For the blocking 218
150 ing 5% CO 2 in Iscove's modified Dulbecco's medium and experiment, mice (it = 3 for each probe also) were injected 219
151 5% fetal bovine serum (Life Technologies, Inc., Grand with the mixture of 10 mg/kg of c(RGDyK) and 500 pmol 220
152 island, NY). Animal procedures were performed according Cy5.5-conjugated RGD peptides. All NIRF images were 221
153 to a protocol approved by the Stanford University Ad- acquired using 1 s exposure time (f/stop = 4). The mice 222
154 ministrative Panels on Laboratory Animal Care (A- in the control experiment were euthanized at 24 hi pi. 223
155 PLAC). Female athymic nude mice (nu/nu), obtained The tumor and major tissues and organs were dissected, 224
156 from Charles River Laboratories, Inc. (Cambridge, MA) wet weighted, and placed on black papers. The fluores- 225
157 at 4-- 6 weeks of age, were injected subcutaneously in the cence inmages were acquired, and total fluorescence flux 226
158 right foreleg with 5 x 106 U87MG glioblastoma cells (p/s/cm2/sr) for each sample was obtained. Aliquots with 227
159 suspended in 100 yL of phosphate-buffered saline (PBS). known amount of the injectates were also put on the 228
160 The tumor bearing mice were subjected to in vivo imaging black papers and imaged together with the samples. The 229
1161 studies when the tumors reached 0.4-0.6 cm in diameter results were presented as the percentage injected dose 230
162 (14-21 d after implant). per gram (%ID/g). Values were quoted as mean ± 231
1.63 Receptor Binding Assay. The oX,/3 3 receptor binding standard deviation (SD) for a group of three animals. 232
164 assay was performed to determine binding affinities of Data Processing and Statistics. All the data are 233
1165 NIR fluorescent RGD conjugates. Briefly, 2 × 105 U87MG given as means ± SD of n. independent measurements. 234
166 cells/well in a 96-well plate were incubated with 1251- Statistical analysis was performed using a Student's 235
167 echistatin (0.06 nM) in the binding buffer [25 mM t-test. Statistical significance was assigned for P values 236
168 2-amino-2-(hydroxymethyl)-1,3-propanediol, hydrochlo- < 0.05. For determining tumor contrast, mean fluores- 237
169 ride (Tris-HCI), pH 7.4, 150 mM NaC1, 1 mM CaC12, 0.5 cence intensities of the tumor area (T) at the right foreleg 238
170 mM MgC12 and 1 mM MnCI2, 0.1% bovine serum albumin of the animal and of the area (N) at the right flank 239
171 (BSA)] in the presence of different concentrations of (normal tissue) were calculated by the region-of-interest 240
172 Cy5.5-RGD conjugates at room temperature for 3 h. After (ROI) function of Living Image software integrated with 241
1.73 incubation, the plate was washed three times with Igor (Wavemetrics, Lake Oswego, OR). Dividing T by N 242
174 binding buffer, and the radioactivity was solubilized with yielded the contrast between tumor tissue and normal 243
175 2 N NaOH followed by y-counting. Nonspecific binding tissue. 244

176 of 12 5I-echistatin to a(1/l3 was determined in the presence
177 of 100 nM echistatin. The IC5 o values were calculated by RESULTS 245

178 nonlinear regression analysis using the GraphPad Prism
179 computer-fitting program (GraphPad Software, Inc., San Conjugation and Purification of Cy5.5-RGD Con- 246
180 Diego, CA). Each data point is a result of the average of jugates. The synthesis of Cy5.5-RGD conjugates was 247
181 triplicate wells, achieved through conjugation of Cy5.5-NHS ester with 248
182 Fluorescence Microscopic Studies. For fluores- the c-amino group of the lysine residue (in case of 249

183 cence microscopic studies, 1 x 104 cells were cultured on monomer) or glutamate amine (in the case of dimer and 250
184 35 mm MatTek glass bottom culture dishes (cat. no.: tetramner) of the RGD peptides. The desired products were 251
185 P35G-0-14-C, Ashland, MA). After 24 h, the cells were purified by semnipreparative HPLC. The purity of Cy5.5- 252
186 washed with PBS and then incubated at 37 'C with labeled peptides were over 95% from analytical HPLC 253
187 appropriate Cy5.5-RGD conjugate (10 nM) for 30 min. analysis. The retention times on analytical HPLC for 254
188 Integrin specificity of the RGD-Cy5.5 conjugates in cell monomer, dimer, and tetramer are found to be: 15.5, 255
189 culture was verified by incubating U87MG cells with or 15.8, and 16.2 min, respectively. The yields of Cy5.5-RGD 256
190 without blocking dose of the nonfluorescent monomeric conjugates were typically over 70%. The purified RGD- 257
1.91 RGD peptide c(RGDyK) (10 umol/L). After the incubation Cy5.5 conjugates were characterized by MALDI-TOF-MS. 258
192 period, cells were washed three times with ice-cold PBS. Cy5.5-c(RGDyK) (monomer): rn/z = 1518.4 for [M + HI4  

259

193 The fluorescence signal of the cells was recorded using (C8W 8HN1021S4, Calculated MW= 1518.7); Cy5.5-E[c(RG- 260
194 an Axiovert 200M fluorescence microscope (Carl Zeiss DyK)12 (dimer): m/z = 2249.0 for [M + HI' (Clo0H 1 29N 21- 261
195 MicroImaging, Inc., Thornwood, NY) equipped with a O3mS4,calculated MW= 2249.5); Cy5.5-E{E[c(RGDfK]22} 262
196 Cy5.5 filter set (Exciter, HQ 650/20 nm; Emitter, HQ 675/ (tetramer): m/z = 3711.8 for [M + H]+ (C6mHm222N 4oO5S 4, 263
197 35 nm). An AttoArc HBO 100W microscopic illuminator calculated MW = 3710.02); The absorption and fluores- 264
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100o RGD conjugates was further demonstrated by the ab- 288
sence of the cell associated fluorecscence in the presence 289

80 of a blocking dose of monomeric RGD peptide c(RGDyK) 290

(1 lamol/L) (Figure 3D-F). 291Imaging of U87MG Tumor in Vivo. Whole-body 292

S4o imaging of subcutaneous U87MG tumor xenografted mice 293
was accomplished by using tungsten-halogen lamp light 294

2source to excite the probe at 610-665 nm wavelength 295
and monitoring the distribution of the imaging agents 296

0 with IVIS200 system equipped with a cooled charged- 297
-11 -10 -9 -8 -7 - coupled device (CCD) camera. Figure 4A shows typical 298

Log [M] NIRF images of athymic nude mice bearing subcutaneous 299

Figure 2. Competitive integrin receptor assay of unlabeled U87MG glioblastoma tumor after intravenous (iv) injec- 300
echistatin (N), monomer Cy5.5-c(RGDyK) (A), dimer Cy5.5- tion of 500 pmol of Cy5.5-RGD monomer, dimer, and ,3o01
Efc(RGDyK)] 2 (0), and tetramer Cy5.5-E{E[c(RGDyK)]2}2 (*) tetramer, respectively. For all three probes, the subcu- 302
to U87MG human glioma cells. All experiments were done in
triplicate. The IC5s values for echistatin, Cy5.5-monomer, dimer, taneous U87MG tumor could be clearly visualized fi'om 303
and tetramer were determined to be 1.2 ± 0.1, 12.1 ± 1.3, 27.5 the surrounding background tissue from 30 min to 24 h 30m
± 1.2, and 42.9 ± 1.2 nmolIL, respectively. pi. Quantification analysis of these images was performed 305

using software Living Image2.5. The fluorescence inten- 306
265 cence emission characteristics of Cy5.5-RGD conjugates sities in the tumor and the normal tissues as a function w 0
266 were identical to those of free Cy5.5, as apparent fr-om of time for monomer, dimer, and tetramer are depicted 3o8
267 the spectrums measured in H2O (data not shown). in Figure 4B-D, respectively. Monomer, dimer, and 309
268 Integrin Binding Characteristics in Vitro. The tetramer all exhibited fast tumor targeting character in 310
269 receptor binding affinity study of Cy5.5-RGD conjugates vivo. The tumor uptake reached a maximum at 30 min 311
270 for integrin a,./3.3 was carried out using QV/3 positive pi and slowly washed out over time. Most importantly, 312
271 U87MG cells. We compared the receptor binding affinity at early time points (from 0.5 to 4 h) pi, both tetramer 313
272 of the three probes by performing competitive displace- and dimer had significantly higher accumulation in 314
273 ment studies with iSSI-echistatin as radioligand (Figure tumor than monomer (P < 0.05). Tetramer also showed 315
274 2). All the peptides inhibited the binding of i25I-echistatin higher tumor uptake than dimer, although the difference 316
275 to U87MG cells in a dose dependent manner. The IC 5. is not significant (P > 0.05). The differences in tumor 317
276 values for echistatin, Cy5.5-E{E[c(RGDyK)]} 2 , Cy5.5- uptakes among the three probes were minimal at 24 h 318
277 E[c(RGDyK)]2, and Cy5.5-c(RGDyK) were 1.2 ± 0.1, 12.1 pi. The fluorescence intensity ratio between the tumor 319
278 - 1.3, 27.5 ± 1.2, and 42.9 ± 1.2 nmol/L, respectively, and normal tissue (TIN) for Cy5.5-conjugated RGD pep- 320
279 To demonstrate the ctP/:3 integrin specificity and sub- tides were calculated and shown in Figure 4E. The 321
28( cellular localization of the Cy5.5-RGD conjugates, cyanine tetramer shows significantly higher TIN value than both 322
281 dye-labeled RGD peptides were incubated with U87MG monomer and diiner at early time points (0.5, 1, 2, and 4 323
282 tumor cells and images taken with a fluorescent micro- h) (P < 0.05). For example, T/N ratio for tetramer, dimer, 324
283 scope. Receptor-mediated endocytosis of the fluorescent and monomer are found to be 3.63 ± 0.09, 2.98 ± 0.05, 325
284 dye was observed for all three RGD peptide conjugates and 3.18 ± 0.16, respectively, at 4 h pi, while the 326
285 (Figure 3 A-C) after 30 min of incubation at 37 'C as difference diminished at 24 h time point (P > 0.05). No 327
286 indicated by the appearance of fluorescence in the peri- significant difference in TIN is observed between dimeric 328
287 nuclear region. Integrin receptor specificity of the Cy5.5- and monomeric peptide probes (P > 0.05 for all time 329

A

Monomer Dimer Tetramer

Figure 3. Specific binding and endocytosis of the Cy5.5-labeled cyclic RGD peptides. NIRF images of U87MG were obtained after
the cells were incubated for 30 min at 37 'C in the presence of 10 nmolIL monomer Cy5.5-c(RGDyK), dimer Cy5.5-E[c(RGDyK)]2,
tetramer Cy5.5-E{E[c(RGDyK)A212 with (D, E, F) or without (A, B, C) blocking dose of nonfluorescent RGD peptide c(RGDyK) (10
pmol/L). Complete blocking of NIR fluorescence of U87MG cells demonstrating high c,,f3:m integrin specificity of these NIR dye-
labeled RGD peptides.
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Figure 4. (A) In vivo fluorescence imaging of athymic nude mice bearing subcutaneous U87MG glioblastoma xenografts after
intravenous injection of 500 pmol Cy5.5-RGD monomer, dimer, or tetramer. The location of the tumor was indicated by an arrow.
Fluorescence signal from Cy5.5 was pseudo-colored red. The tetramer and dimer displayer higher tumor uptake and tumor/normal
contrast than that of monomer from 0.5 to 4 h pi (B-D) in vivo targeting characters of Cy5.5-RGD monomer, dimer, and tetramer,
respectively. Both tetramer and dimer had significantly higher accumulation in tumor than monomer (P < 0.05) at early time points
(from 0.5 to 4 h) pi. But the differences in tumor uptakes among the three probes were minimal at 24 h pi. (E) Tumor contrast
(tumor-to-normal tissue ratio) as a function of time post-administration of Cy5.5-RGD monomer (0), dimer (0), and tetramer (A).
The fluorescence intensity for the region of interest was recorded as photons per second per centimeter squared per steradian (p/
s/cm2/sr). The tumor contrast of Cy5.5-RGD-tetramer from 0.5 to 4 h postinjection is significantly higher than that of Cy5.5-RGD-
dimer and monomer (P < 0.05).

330 points examined in this experiment). Kidneys were indicated that the TIN was reduced from 2.22 ± 0.04 to 339
331 clearly visualized for dimeric and tetarmeric peptides, 1.27 ± 0.05 for monomer, 2.26 ± 0.27 to 1.28 + 0.02 for 340
332 indicating that dimer and tetramer have significantly dimer, and 2.98 ± 0.09 to 1.09 ± 0.18 for tetramer, 341

333 higher renal activity accumulation than the monomer, respectively. 342

334 Receptor specificities of these probes were validated To further characterize the distribution of RGD pep- 343
335 by a blocking experiment. Unlabeled monomeric RGD tide-dye conjugates in U87MG in vivo, the tumor- 344
336 peptide, c(RGDyK), successfully reduced tumor contrast bearing mice were sacrificed right after noninvasive 345
337 for all three tracers (Figure 5). Tumor contrast as imaging at 24 h pi. Tumors and other normal organs and 346
338 quantified by ROI analysis of noninvasive optical imaging tissues were removed and subjected to IVIS200 imaging 347
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Figure 5. Representative NIRF images of mice bearing subcutaneous U87MG tumor on the right foreleg demonstrating blocking
of Cy5.5-RGD conjugates (500 pmol) uptake in the tumors by coinjection with 10 mg/kg of c(RGDyK). Pseudo-color fluorescence
images of tumor-bearing mice were acquired 1 h after intravenous injection of Cy5.5-RGD conjugates (experiment) or Cy5.5-RGD
conjugates + c(RGDyK) (block). (B) Tumor contrast (tumor-to-normal tissue ratio) calculated from region of interest measurement
at I h postadmninistration of Cy5.5-RGD conjugates.
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Figure 6. Representative images of dissected organs of mice bearing U87MG tumor sacrificed 24 h after intravenous injection of
Cy5.5-RGD monomer (A), dimer (B), and tetramer (C) at a dose of 500 pmol per mouse. (D) Biodistribution of the probes at 24 h
postinjection. (E) Tumor-to-normal organ ratios.

348 (Figure 6). The total fluorescence of the whole organ was to be a very powerful tool for noninvasive imaging 364

349 obtained, and %ID/g was calculated for each organ. The diseases in preclinical models such as rodents (3). Fur- 365

350 biodistribution of the probes at 24 h pi is shown in the thermore, NIRF imaging may provide both surgical 366

351 Figure 6B. Tumor-to-blood, tumor-to-muscle, tumor-to- anatomy and functional/molecular information when 367

352 kidney, and tumor-to-liver ratios are illustrated in Figure exogenous fluorescent probes are used; thus, it has a 368
353 6C. The renal uptake for tetramer and dimer are much potential in the clinical setting by allowing easy visual- 369
354 higher than monomer, consistent with the imaging data ization and guidance in surgery (47). We are very 370

355 obtained in living mice. The tumor accumulation and interested in applying this NIRF imaging technique for 371

356 tumor/muscle and tumor/blood ratios for monomer are studying an important molecular target integrin a,./33, So 372

357 similar to that of dimer and tetramer. This corroborated we can better understand tumor angiogenesis and even- 373
358 the noninvasive imaging data obtained in living mice. tually develop methods for integrin-directed tumor 374

therapy. To achieve this goal, a highly specific and 375
359 DISCUSSION sensitive NIRF agent needs to be developed first. 376

360 NIRF imaging, which uses neither ionizing radiation We have previously demonstrated that Cy5.5-labeled 377

361 nor radioactive materials, is emerging as a complement monomeric RGD peptide c(RGDyK) targets integrin Qv/33- 378

362 to nuclear imaging methods. A relatively low-cost, safe, expressed tumor in vivo (28). However, this agent only 379
363 and easy-to-use NIRF imaging system has been proven provides moderate tumor contrast in a highly integrin 380
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381 positive U87MG tumor model. Cell receptor binding 1.30-fold increase in TIN ratio at different time points 449
382 assay using 125I-echistatin as radioligand indicated that postinjection. 450
383 the IC.-o value for c(RGDyK) was approximately 50 nM. The small animal optical imaging studies above also 451
38,i Because the cyclic pentatpeptide c(RGDyK) has already highlight the importance of evaluation of polyvalency 452
385 been optimized for receptor-ligand interactions (48), it effects of the contrast agents in vivo. Initially we expected 453
386 is very unlikely that one can significantly improve that higher tumor uptake, retention, and TIN ratio would 454
387 receptor avidity of monomeric RGD peptide by fine- be achieved for Cy5.5-abeled RGD multimers due to their 455
388 toning of the peptide configuration. An alternative is to increased binding affinities. However, although it was 456
389 apply the concept of multivalency or multimerization and found that the absolute tumor uptake of Cy5.5-labeled 457
390 to develop oligomeric RGD peptide probes. In principle, RGD probes was generally enhanced with increasing 458
391 the introduction of a homogeneous multimeric RGD number of RGDs in each probe, multimerization of RGD 459
392 peptide system is expected to improve integrin targeting also changes the molecular size, overall molecular charge, 460
393 by cooperative receptor interactions and receptor shield- and hydrophilicity of the resulting peptides, thus altering 461
394 ing to endogenous competition. We and others have their in vivo pharmacokinetics and clearance from non- 462
395 previously reported that suitably labeled dimeric RGD target tissues. These results are consistent with the data 463
396 peptide tracers had incremental improvement on tumor reported in the literature (43, 46). In both reports, the 464
397 targeting efficiency and pha rmacokinetics, compared to multlimeric RGD peptides showed significantly higher 465
398 the monomeric RGD peptide analogues (35-37, 43, 44). IC!-0 values in vitro and the magnitude of tumor uptake 466
399 We hypothesize that multimerization to introduce tet- in vivo; however, the improvement of tumor-to-back- 467
400 raineric RGD peptides might further increase the recep- ground ratio is marginal. Apparently, for applying the 468
401 tor binding aflinity. In this study, we designed a new strategy of peptide multmierization extensively and ef- 469
402 Cy5.5-labeled tetrameric RGD peptide with repeating ficiently, more studies are needed to investigate what the 470
403 c(RGDyK) units connected through glutamate linkers essential effects are required to improve the biodistribu- 471
404 (Figure 1). As expected, integrin affinity followed the tion and achieve greater targeting selectivity. 472
4o5 order of tetramer > dimer > monomer. Fluorescence Fluorescence intensities of the dissected tumors and 473
406 microscope imaging studies also confirmed the effective- normal organs and tissues agreed well with the afore- 474
407 ness of all three probes for integrin positive U87MG cell mentioned in vivo observations, except that the ex vivo 475
408 staining and receptor mediated endocytosis. tumor-to-muscle ratio was substantially higher than that 476

409 We recently radiolabeled DOTA-conjugated RGD mono- observed noninvasively, which might be attributed to the 477
410 mer. dimer, and tetramner with "mCu and compared their minimal loss of excitation and emission of light density 478
411 tumor targeting efficacy and in vivo kinetics (33, 37, 46). without the need of penetration in and out of skin in 479

412 Tetrameric RGD peptide tracer had almost twice as much addition to the scatter caused by the skin. Quantification 480
413 tumor uptake than the corresponding dimer. The dimer analysis verified there were no significant differences in 481
414 also had significantly higher tumor uptake than the tunmor/blood and tumor/muscle ratios for these NIRF 482
415 monomeric counterpart. Renal and hepatic activity ac- probes at 24 h pi. Furthermore, both diiner and tetramer 483
416 cumulation of tetramer was also somewhat higher than had much lower tumor-to-kidney ratios than the mono- 484
417 that of dimer and monomer. In agreement with these mer, likely reflecting the more net positive charge 485
418 data, we observed significant (P < 0.05) increase of tumor character of the dimer and tetramer than the monomer. 486
419 fluorescence intensity for Cy5.5-conjugated tetramer and The membranes of the renal tabular cells contain nega- 487
420 dimer, compared to the monomic analogue at early time tively charged sites to which the positively charged 488
421 points (from 0.5 to 4 h) pi (Figure 4). However, between groups (such as guanidines in the RGD sequence) are 489
422 tetramer and dimer, no significant difference in tumor expected to bind. There is no significant difference in liver 490
423 accumulation is observed. Another important finding in uptake of the three probes. 491
424 this research is that tetramer demonstrated the highest To further optimize the NIRF RGD probes, it also 492

425 TIN contrast from 0.5 to 4 h pi (Figure 4). This attribute should carefully choose fluorescent labels itself. The 493
426 is apparent from the high tumor uptake and relatively emission maximum of Cy5.5 at 694 nm is at the lower 494
427 low normal tissue uptake. The monomer displayed low limit of NIRF window. It is expected that fluorescent dyes 495
428 uptake in the tumor, but it was quickly cleared from with more red-absorbing character may provide deeper 496

429 normal tissue. This results in a moderate TIN contrast. tissue penetration and thus a closer reflection of an actual 497
430 For the dimer, although it showed a higher tumor uptake distribution of the probe in vivo. Another major problem 498
431 thanthat of the monomer, the relatively high uptake in with Cy5.5 dye is the very small Stokes shift (20 nm). 499
432 normal tissue reduced its TIN contrast. We did not Development of fluorescent dyes with a large Stokes shift 500
433 observe significant differences in the magnitude of tumor would provide better fluorescence detection sensitivity by 501
434 uptake or TIN contrast at 24 h after administration of eliminating the interference with the excitation source, 502
435 the NIRF probes by which most of the tumor uptake has minimizing the rejection of excitation light by the emis- 503
436 been cleared. Moreover, the tumor uptake of NIRF RGD sion filter, and reducing the error by excitation light and 504
437 peptides could be specifically inhibited by the unlabeled scattered light. A good alternative to the fluorescent dyes 5o5
438 c(RGDyK) (Figure 5). This demonstrates that Cy5.5- would be quantum dots (QDs) as fluorescent biolabeling 506
439 conjugated monomeric, dimeric, and tetrameric RGD reagents. In comparison with organic fluorophores, QDs 507
440 peptides are all specific agents for NIR fluorescence have unique optical and electronic properties, such as 508
441 imaging of integrin expression. Overall, these data sug- size- and composition-tunable fluorescence emission from 509
442 gest that based on the highest tumor uptake and contrast visible to NIR wavelengths, a large absorption coefficient 510
443 at early time points pi, the tetramer appears to be the across a wide spectral range, and very high level of 511
444 best integrin a0(,P targeting agent among these three brightness and photostability (49). Because of their broad 512
445 compounds. However, only moderate improvement was excitation profiles and narrow, symmetric emission spec- 513
446 achieved through multimerization of the peptide strategy. tra, high-quality QDs are suited for optical multiplexing. 514
447 Compared to the monomer, the tetramer only shows Whether conjugation of RGD peptides with novel reporter 515r

448 1.20-1.45-fold increase in tumor accumulation and 1.08- components such as fluorescent dyes with a large Stokes 516
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517 shift or QDs could generate better NIRF imaging agents (7) Tung, C. H., Mahmood, U., Bredow, S., and Weissleder, R. 583

5.18 for integrin Q(/i3 requires further investigation. (2000) In vivo imaging of proteolytic enzyme activity using a 584
519 Initially we also expected that NIRF imaging using novel molecular reporter. Cancer Res. 60, 4953--8. 585

520 Cy5.5-labeled RGD peptides might provide the opportu- (8) Tung, C. H., Zeng, Q., Shah, K., Kim, D. E., Schellingerhout, 586
521 nity for rapi d and cost-effective structure -activity studies D., and Weissleder, R. (2004) In Vivo Imaging of fi-Galac- 587
522 toscreen niy fed andcos-effctiv structuerethact y studes mtosidase Activity Using Far Red Fluorescent Switch. Cancer 588
522 to screen newly developed ligands, rather than the more Res. 64, 1579-83. 589
523 costly radionuclide-based imaging studies such as SPECT (9) Wunder, A., Tung, C. H., Muller-Ladner, U., Weissleder, R., 590
524 and PET. However, this hypothesis oversimplifies the and Malhmood, U. (2004) In vivo imaging of protease activity 591
525 complex effect that a fairly bulky Cy 5.5 label has on the in arthritis: a novel approach for monitoring treatment 592
526 pharmacokinetics of a probe. The in vivo behavior is the response. Arthritis Rheum. 50, 2459--65. 593
527 combination of many factors, including, but not limited, (10) Mahmood U., and Weissleder, R. (2003) Near-Infrared 594
528 to the receptor affinity and specificity, molecular size. Optical Imaging of Proteases in Cancer. Mol. Cancer Ther. 595

529 overall molecular charge, hydrophilicity, and metabolic 2, 489-496. 596

530 stability. Cy5.5 is a rather large chromophore with a (11) Ke, S., Wen, X., Gurfinkel, M., Charnsangavej, C., Wallace, 597

531 molecular weight of ca. 1000. Tumor contrast obtained S., Sevick-Muraca, E. M.. and Li, C. (2003) Near-infrared 598

532 with a Cy5.5-RGD conjugate may not truly reflect the optical imaging of epidermal growth factor receptor in breast 599

533 same RGD peptide labeled with a radionuclide. Ad- cancer xenografts. Cancer Res. 63, 7870-5. 600
534 ditional studies to evaluate the impact of cyanine dye (12) Moon, W. K., Lin, Y., O'Loughlin, T., Tang, Y., Kim, D. E, 601

Weissleder, R.. and Tung, C. ,t. (2003) Enhanced tumor 602
535 structure on the receptor targeting properties of RGD detection using a folate receptor-targeted near-infrared fluo- 603
536 peptide in vivo is needed to elucidate the discrepancy rochrome conjugate. Bioconjugate Chem. 14, 539-45. 604

537 between NIRF imaging and radionuclide imaging. (1.3) Licha, K., Hessenius, C., Becker, A., Henklein, P., Bauer, 605
M., Wisniewski, S., Wiedenmann, and B., Semmler, W. (2001) 606

538 CONCLUSION Synthesis, characterization, and biological properties of'cya- 607
nine-labeled somatostatin analogues as receptor-targeted 608

539 Cy5.5-RGD lonomer, dimer, and tetramer all exhibit fluorescent probes. Bioconjugate Chern. 12, 44-50. 609
540 specific uptake in the U87MG glioblastoma both in vitro (14) Achilefu, S., Jimenez, H. N., Dorshow, R. B., Bugaj, J.E., 610
541 and in vivo. Among these three probes, Cy5.5-RGD Webb, E. G., Wilhelm, R. R., Rajagopalan, R., Johler, J., and 611

542 tetramer displays the highest tumor uptake and tumor- Erion, J. L. (2002) Synthesis, in vitro receptor binding, and 61.2
543 to-background ratio up to 4 h postinjection and as such in vivo evaluation of fluorescein and carbocyanine peptide- 613
544 appears to be the most promising probe for integrin based optical contrast agents. J. Med. Chem. 45, 2003-15. 614

545 receptor NIRF imaging. However, the improvement of (15) Achilefu, S., Dorshow, R. B., Bugaj, J. E., and Rajagopalan, 615

546 imaging character of tetramer is only moderate, com- R. (2000) Novel receptor-targeted fluorescent contrast agents 616

547 pared to that of monomer. More research is needed to for in vivo tumor imaging. Invest. Radiol. 35,479-85. 617
548 further optimize such probes. (16) Bugaj, J. E., Achilefui, S., Dorshow, R. B.,and Rajagopalan, 618

R. (2001) Novel fluorescent contrast agents for optical imaging 619
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T77e cell adhesion molecule integrin (Y.Zf. is em important ph0 'er in the process oJflunor angiogenesis and netastasis. Altibodies,
peptides. peptidonetics, and small molecule antagonists against integrin a P.3 have beetn shown to induce endothelial apoptosis,
to inhibit tonor angiogenesis. and to increase endotlehhelallermeabilit'v 77)e ability to qttntitativelY image iategrin a, 03. expression

i 1'vio In a noninasive mliainner iinal shed neir light into the ntechaninsn olangiogenesis and anlianlgiogenic treatlment e•flicacI' I, seed
on integrin antagonismn honor integrin expressioni imaging itill also aid in lesion detection, patient stratlilcation, il' atnti-integrin
drug dekvelolpoewt,'validation, as iwell as treatmnt monitoring and optimization. This review stuinmarizes the recent advances iii
Iniltimiodolity imaging qf ttinor iltegrin rf.,03 expression using ma~gneti resonance inaging (MRI). nllrasound, near-infrared (NIR)
fluorescentce, single photon emissioa conmpted toinographv (fSPECD. and positron emission tomography' (IPET).

INTRODUCTION balance between pro-angiogenic molecules [vascular endothelial

growth factor (VEGF), fibroblast growth factor (FGF), epidermal
Molecular Imaging growth factor (EGF)] and antiangiogenic molecules (angiostatin,

Molecular imaging refers to the characterization and endostatin) (7,8). The fact that tumors are dependent on blood

measurement of biological processes at the molecular level supply has inspired many scientists to search for antiangiogenic
(1,2). Conventional imaging modalities that detect anatomical molecules and to design antiangiogenic strategies for cancer
(1,2d fnvetional ch a gnges oftumorVascularitye t dug angiogenesis, treatment and prevention of cancer recurrence and metastasisand functional changes of tumor vascularity during ittlesor (9-11). Tumor angiogenesis differs significantly from physiological
tumor growth, and upon antiangiogenic treatment provide little or angiogenesis. The differences include aberrant vascular structure,
no information regarding the specific molecular markers on newly altered endothelial cell-pericyte interactions, abnormal blood flow,
formed blood vessels, tumor cells, and the molecular changes upon increased permeability, and delayed maturation (6,12). Most tumors
therapy. Molecular imaging takes advantage of traditional diagnostic start growing as avascular dormant nodules until they reach a
imaging techniques and introduces molecular probes to determine steady-state level of proliferating and apoptosing cells. Angiogenesis
the expression of indicative molecular markers of the tumor devel- begins with perivascular detachment and vessel dilation, followed by
opment at different stages (2-4). Detection of these molecular angiogenic sprouting, new vessel formation and maturation, and the
markers permits much earlier diagnosis, earlier treatment, and better recruitment of perivascular cells. Blood-vessel formation continues
prognosis. Subsequent profiling to identify suitable treatment targets as the tumor grows, feeding on hypoxic and necrotic areas of the

could lead to individualized therapy and treatment monitoring. tumor foressential nutrients and oxygen.
Molecular imaging technologies include, but are not limited to, Cancercells spread throughoutthe body by metastasis (13-16).

positron emission tomography (PET), single photon emission Metastasis occurs through several steps. First, cancer cells lose
computed tomography (SPECT), magnetic resonance imaging E-cadherin-dependent intercellular adhesions, acquire a migratory
(MRI), magnetic resonance spectroscopy (MRS), optical biolumi- pheno de t f nercell s, penetre t baseen
nescence, optical fluorescence, and ultrasound (2,5). In computed phenotype, detach from neighboring cells, penetrate the basement
tomography (CT), the images are obtained because tissues absorb membrane, and invade the interstitial matrix. Second, tumor cells
X-rays differently as they pass through the body, therefore providing penetrate into blood vessels and lymphatic vessels and enter theX-raysdifferently a satomica thepasthroug the bd tsrerely spec circulatory system, a process called intravasation. After reaching themainly anatomical information. Since CT signal is rarely specific at bloodstream, tumor cells often adhere to platelets and leukocytes,
the molecular level, it will not be discussed here. bodtem uo el fe deet ltlt n ekcts

Since many tumors aro lite ue heterogeneous, tissue sampling forming emboli that stop in the microcirculation of target organs
Sines manytumors arepr quintthe biohetecaloro u pthologissuepsamore easily than individual tumor cells. Finally, metastatic cells exit

does not always represent the biochemical or pathological processes the bloodstream (extravasation) and undergo expansive growthof the disease. Furthermore, temporal studies usually need large within the parenchyma of the target organ.

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- Role of Integrin aP 3 During Tumor Progression
lished ex vivo molecular biological assays and provide both spatial Molecules regulating angiogenesis include growth factor
and temporal dimensions to our understanding of various diseases. receptors, tyrosine kinase receptors, G protein-coupled receptors
Two prerequisites need to be satisfied in order to image and quantify for angiogenesis modulating proteins, and integrins (6-8). Integrins
biological processes in vivo noninvasively: (i) a probe composed are a family of adhesion molecules consisting of two noncova-
of a label that can be detected with high sensitivity and a ligand lently bound transmembrane subunits (u. and 13), both type I
that binds specifically and with high affinity to the target and (ii) a membrane proteins with large extracellular segments that pair
sensitive, high-resolution imaging instrument to detect the signal to create heterodimers with distinct adhesive capabilities (17,18).
noninvasively. In this review, we will highlight the recent advances In mammals, 18 cx and 8 P3 subunits assemble into 24 different
in developing molecular imaging probes and techniques targeting a receptors. Increasing amounts of evidence now imply that integrin
tumor-specific molecular marker, integrin IY, 3 , signaling plays a key role in tumor angiogenesis and metas-

tasis (19-21). Integrins expressed on endothelial cells modulate
Tumor Angiogenesis and Metastasis cell migration and survival during angiogenesis, while integrins

v from expressed on carcinoma cells potentiate metastasis by facilitatingAngiogenesis, the formation of new blood vessels irom invasion and movement across blood vessels. Efficient tumor
preexisting blood vessels, is a fundamental process occurring invasion requires partial degradation of the extracellular matrix
during tumor progression (6). Angiogenesis depends on the (ECM) at the invasion front. The matrix metalloproteinases (MMPs)
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are the major proteases involved in remodeling the ECM (15). The is its higher spatial resolution (usually submillimeter level). However,
cxvP33 integrin, which binds to arginine-glycine-aspartic acid (RGD)- MRI is many orders of magnitude less sensitive than radionuclide
containing components of the interstitial matrix, such as vitronectin, and optical techniques, which means that much larger amounts
fibronectin, and thrombospondin, is significantly up-regulated on of molecular probes must be retained at the target for detectable
endothelium during angiogenesis but not on quiescent endotheliunm MRI signal (34). High mass amounts of probe can be toxic, and this
(21-23). The special role of integrin cUv[3 in tumor invasion and must be carefully studied before any MRI probe is translated into
metastasis arises from its ability to recruit and activate MMP-2 and the clinic. The inherent low sensitivity of MRI can be only partially
plasmin, which degrade components of the basement membrane compensated by working at relatively high magnetic fields (4.7-14
and interstitial matrix (24). Research has shown that tumor T), using hardware and software dedicated to small animal imaging
expression of integrin a4•3 correlates well with tumor progression in and much longer acquisition times during imaging.
several malignancies such as melanoma (25). glioma (26), ovarian In an animal model, Sipkins et al. first demonstrated the use of
cancer (27), and breast cancer (28,29). Inhibition of ov integrin antibody-coated paramagnetic liposomes (300-350 nm in diameter)
activity by monoclonal antibodies (MAbs), cyclic RGD peptide containing Gd3+ for MRI imaging of integrin cu,13 expression (35).
antagonists, and peptidomimetics has also been shown to induce Imaging of a rabbit model of squamous cell carcinomas (V2) was
endothelial cell apoptosis (30), to inhibit angiogenesis (20), and to achieved by directly targeting paramagnetic agents to the angio-
increase endothelial monolayer permeability (31). genic vasculature using LM609, a mouse anti-human integrin (YI33

MAb. Anderson et. al. (36) also reported site-directed contrast
Integrin o403 as the Imaging Target enhancement of angiogenic vessels in vivo using antibody-coated

For a targeting approach aimed at monitoring tumor angio- MRI contrast agent. The targeted contrast agent consists of Gd-

genesis and metastasis, the sufficient level of accessible tumor perfluorocarbon nanoparticles conjugated to integrin ovP3 antibody

specific targets is essential for the detection and delineation of DM101 (400-700 nm in diameter). The study was carried out in

lesions from background by imaging technologies. Integrin UvP3, a rabbit corneal micropocket model, where neovasculature was

the most extensively studied in the integrin family, serves as an induced in the cornea using basic FGF. However, only a modest

excellent molecular marker for tumor angiogenesis and metastasis increase (<25%) in the average MR signal intensity was observed

imaging, since it is not readily detectable in quiescent vessels but after 90 min.

becomes highly expressed in angiogenic vessels (19). The ability to Winter et al. attached peptidomimetic integrin xaVl3 antagonist
noninvasively visualize and quantify integrin cU,033 expression level to magnetic nanoparticles for MRI imaging under common clinical
will provide new opportunities to document tumor (tumor cells and field strength of 1.5 T (37,38). Two animal models were used, New
sprouting tumor vasculature) integrin expression, to more appro- Zealand white rabbits implanted with Vx-2 tumors and an athero-
priately select patients for anti-integrin treatment, and to monitor sclerosis model. In the Vx-2 model, integrin cvi%3-targeted paramag-
treatment efficacy in integrin-positive patients. Several review netic nanoparticles increased MRI signal dramatically in the
articles on tumor angiogenesis imaging have partially covered some periphery of the tumor at 2 h postinjection (p.i.). Similar increases

in MR contrast were also observed within the walls of some vessels
integrin targeting approaches (32,33). In this review article, recent imR tonthe tumo Desp ite the wallarge size vesselsadvances in both nonradionuclide (MRI, ultrasound, and optical) proximate to the tumor. Despite the relatively large size (about 270
and radionuclide imaging (SPECT and PET)uof tumor integrin c33 nm in diameter), these nanoparticles penetrated into the leakywill be summarized, tumor neovasculature but did not migrate into the interstitium inan appreciable amount, since only marginal increase in MR signal

was observed at 2 h (characteristic of passive targeting rather than
NONRADIONUCLIDE IMAGING OF integrin-specific targeting). Immunohistochemistry of integrin c'.5 3INTEGRIN oY,,P 3 EXPRESSION confirmed the extent and distribution of neovascularity observed by

MRI. In the atherosclerosis model, enhancement in the MRI signal
Magnetic Resonance Imaging was also observed among rabbits that received integrin-targeted

The major advantage of MRI over radionuclide or optical imaging nanoparticles. Histology and immunohistochemistry confirmed the

Untreated 41 0

FGF-2
Treated

Control Ischemic
Figure 1. (A) (Top) contrast-enhanced uitrasound (CEU) images from a rat 28 days after 1787MG implantation using nontargeted microbubbles, Thrnor (T),
ventricles (V), and a periventricular metastasis (M) are pointed out. (Boltorn) Signal enhancement from integrin oum -targeted microbtibbles. (B) Color-coded
CE.U images of intcgrin tal3),-iargetcsd microbubles in control (left) and ischemic (right) proximal hind limb adductor tntscles from uttreated (lop) and fibro-
blast growth factor 2 (FGF-2) treated (bottomn) rat 4 days after iliac artery ligattion. Adapted frost References 40 and 42.
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proliferation of angiogenic vessels within the aortic adventitia of the The ultrasound contrast is dependent on the sound speed, sound
atherosclerotic rabbits as compared with control animals. Since this attenuation, backscatter, and the imaging algorithm. Ultrasound
integrin-targeting nanoparticle system can carry a variety of drugs in imaging using diagnostic ultrasound instrumentation operated in
its lipid membrane, it may have potential for simultaneous molecular the 7.5-15 MHz frequency range has been applied to several small
imaging and site-directed drug delivery for early atherosclerotic animal models.
disease. Ellegala et al. reported the ultrasound imaging of tumor angio-

Very recently, athymic nude mice bearing human melanoma genesis using integrin cx5[13-targeted microbubbles (40). Athymic
tumors were also imaged using systemically injected cz,3 3 integrin- nude rats were inoculated intracerebrally with U87MG human
targeted paramagnetic nanoparticles (25). Contrast enhancement glioma cells. On 2 or 4 weeks after implantation, contrast-enhanced
of neovascularity in animals that received targeted nanoparticles ultrasound (CEU) was performed using microbubbles (3-4 pm
increased significantly by 2 h as compared with nontargeted in diameter) targeted to integrin cijP3 by surface conjugation of
paramagnetic nanoparticles. MRI results were also supported by echistatin, a disintegrin containing an RGD sequence that can be
histology. This technique may be employed to noninvasively detect recognized by many membrane-associated adhesion receptors
small regions of angiogenesis associated with nascent melanoma including integrin UIj3 3 (Figure lA). CEU perfusion imaging using
tumors, as well as to phenotype and to stage other integrin-positive nontargeted microbubbles was also performed to determine tumor
tumors in a clinical setting. microvascular blood volume and blood velocity. It was found that

In all these studies, the targeted paramagnetic nanoparticles CEU signal from targeted microbubbles in tumors increased signifi-
are coated with either antibodies or small peptidiclpeptidomimetic cantly from 2 to 4 weeks. The signal was highest at the periphery
integrin a(Y,[13 antagonists. Coating the paramagnetic nanopar- of tumors, where ov-integrin expression was most prominent
ticles with peptides or peptidomimetics is potentially better than based on immunohistochemistry, which correlated well with tumor
antibodies, since hundreds even thousands of peptides/peptidomi- microvascular blood volume. In another study, the integrin (X,-
metics can be attached to the nanoparticles, which leads to much targeting microbubbles were prepared by conjugating echistatin
higher local concentration of the ligand and higher binding affinity. (MBE) or the MAb against murine ot, (MBA) to the surface (41).
Moreover, not only do antibodies add to the already large size of Control microbubbles (MBC) were also prepared. The microvas-
the nanoparticle contrast agents, antibody-coated contrast agents cular behavior of these microbubbles was assessed by intravital
also stay in the circulation system much longer while peptide- or microscopy of the cremaster muscle in mice treated for 4 days with
peptidomimetics-coated contrast agents home to the target faster the sustained release of FGF-2. It was observed that microvascular
and that gives better contrast. retention was much greater for MBE and MBA than MBC, where

the microbubble retention was minimal. The signal from targeted
Ultrasound microbubbles (MBE and MBA) also correlated quite well with the

Because of its low cost, high availability, and safety, ultrasonog- blood volume determined by CEU perfusion imaging. In yet another

raphy is the most commonly used clinical imaging modality. High- study, hindlimb ischemia was produced in rats by ligation of an iliac
frequency (>20 kHz) sound waves are emitted from a transducer artery (42). Immediately after ligation and at subsequent intervals 4
placed against the skin, and ultrasound images are obtained based from 4 to 28 days, targeted CEU imaging of integrin expression was

on the sound wave reflected back from the internal organs (39). performed using microbubbles conjugated with echistatin (Figure
1B). It was observed that iliac artery
ligation led to a 65%-70% reduction
in blood flow and oxygen tension. In

A untreated ischemic muscle, blood
flow and oxygen tension partially
recovered by weeks 2 to 4, and signal

I .. from integrin-targeted microbubbles
Sreached maximum between 4 to 7

4 ;ft days, which was before the blood flow
increase. FGF-2-treated muscle had
a greater rate and extent of blood flow

10 min 30 min I h 2 h 4 h 24 h recovery and greater signal intensity
1-0 from integrin-targeted microbubbles

as compared to control animals.
Since acoustic destruction of

b upayload-bearing" microbubbles may
be used to deliver drugs or to augment
gene transfection (43), angiogenesis-
targeted microbubbles may also have

.40 applications in site-specific therapy for
ischemic tissues or tumors. Of course,

euerment Block further characterization of integrin
Co,-targeted microbubbles in physi-B C ological models of ischemia or tumor

Figure 2. (A) In vivo near-infrared (NIR) fluorescence imaging of subcutaneously (s.c.) U87MG tumor bearing angiogenesis is needed to validate
athymic nude mice after intravenously (iv.) injection ofarginine-glycine-aspartic acid (RGD)-Cy5.5 conjugate these potential applications. So far, it
(3 nmol). (B) Representative NIR images (600 mountinganglc) of tumor micedermonstrating blockingofRGD- is still unclear whether this approach
Cy5.5 (0.5 nmnl) uptake in the tumorsby co-injection of 10 mg/kg mice body weight ofc(RGDyK). Pseudocolor
fluorescence images of tumor bearing mice were acquired 4 h postiniection (p.i.) of RGD-Cy5.5 (left, experi- will lead to additional diagnostic and
ment) or RGD-Cy5.5 + RGD (right, block). (C) Representative images of dissected organs of a tumor mouse prognostic information compared to
sacrificed ,4 1 p.i.. 1, U87PAG ttnsor; 2, muscle; 3, pancreas; 4, liver; 5, kidney; 6, splcen; 7, lung. Adapted fcom those already used in the clinic.
Reference 47.
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Optical Imaging administered via the tail vein. The intermediate dose (0.5 nmol)
One advantage of optical imaging is that multiple probes with produced better tumor contrast than the high dose (3 nmol) and the

different spectral character could potentially be used for multichannel low dose (0.1 nmol) during 30 min to 24 h p.i., because of partial
imaging. The major drawback of optical imaging of living subjects is self-inhibition of receptor-specific tumor uptake at high dose and the
the poor tissue penetration of light. Due to the limited penetration presence of significant amount of background fluorescence at low
and intense scattering of light, optical imaging will be only possible dose, respectively, Subsequently, Wang et al. also reported optical
in humans in limited sites such as the tissues and lesions close imaging of tumor xenografts using an integrin c(Xvf3-targeted peptide
to the surface of the skin, tissues accessible by endoscopy, and c(KRGDf) labeled with fluorescent dyes Cy5.5 and IRDye800
intraoperative visualization. Even though optical imaging may not (48,49). In vitro, the peptide-dye conjugates bound specifically to
be widely used in clinical settings, near-infrared (NIR; 700-900 integrin cvP 3-positive tumor cells. When administered intravenously
nm) approaches provide opportunities for rapid and cost-effective (i.v.) into mice, dynamic imaging revealed that Cy5.5-c(KRGDf)
preclinical evaluation in small animal models before the more costly was rapidly taken up by KS1767 tumor (human Kaposi's sarcoma)
radionuclide-based imaging studies, since the absorbance spectra after bolus injection, and the uptake of Cy5.5-c(KRGDf) in tumor
for all biomolecules reach minima in the NIR region, which provides regions were linearly increased with a dose of up to 1.5 nmol/mouse
a clear window for in vivo optical imaging (44). Charged-coupled (possibly integrin receptor saturation above this dose), However, the
device (CCD) cameras have been developed to more efficiently tumor-to-background ratio was modest, and very low contrast was
detect the light emitted from the body (45), and fluorescence- observed in another integrin cU,43-positive M21 human melanoma tumor.
mediated tomography has also been developed recently (46). The Burnett et al. (50) also reported the use of integrin to.vp3-
subject is exposed to continuous wave or pulsed light from different targeted optical probes both in vitro and in vivo. A series of aliphatic
sources, and multiple detectors arranged in a spatially defined carbamate derivatives of the nonpeptide integrin antagonists were
order in an imaging chamber are used to capture the emitted light, synthesized, and the binding affinity was determined by enzyme-
Mathematical processing of this information gives the reconstructed linked immunoabsorbent assay (ELISA) and cell adhesion inhibition
tomographic image. Improvement in the algorithm and extensive assays. They observed that a hydrophobic carbamate linker
mathematical validation is needed for practical implementation. increased the binding affinity of the parent compound for integrin

We first demonstrated that NIR fluorescent dye CyTM5.5 conju- cUA13 by 2- to 20-fold and demonstrated that the probe with a
gated cyclic RGD peptide could be used to visualize subcutaneously neopentyl linker exhibited increased binding affinity and significant
(s.c.) inoculated integrin-positive tumors (Figure 2) (47). In vivo tumor cell uptake in vitro as well as specific tumor accumulation and
imaging with a prototype three-dimensional (3-D) small-animal retention in vivo. Very recently, Achilefu et al. (51) discovered that
imaging system visualized subcutaneously U87MG glioblastoma conjugating a presumably inactive linear hexapeptide GRDSPK with
xenograft with a broad range of concentrations of fluorescent probe an NIR carbocyanine molecular probe yielded Cyp-GRD that targets

integrin UIxv33-positive tumors. In vivo, Cyp-GRD selectively
accumulated in tumors. Blocking studies with c(RGDfV)

AHN inhibited the uptake of Cyp-GRD, suggesting that both
0 A o t4112 H2N A compounds target the same site of integrin cvP3. Surpris-

ingly, neither a Cypate-labeled linear RGD peptide nor an"""•. H I" In-labeled DOTA-GRD conjugate exhibited specific tumor, 10NH targeting, Ex vivo redox studies suggested that the probe
0 N•.H H"N " N,.N / "" N' H'toN 0 accumulation level in integrin c(XvI3-positive tumors might

NH
NI "!H OXZ---4',, be correlated with mitochondrial NADH concentration.

S -More experiments need to be carded out to fully understand
this phenomenon, and a docking experiment is needed

" 0'-N' 0 to confirm whether Cyp-RGD actually binds to the RGD

binding domain in integrin ctv,3.
Quantum dots (QDs) with size- and composition-tunable

N 0fluorescence emission have high quantum yields and
photostability suitable for optical imaging and multiplexing
(52). Cai et al. (53) labeled QD705 (emission wavelength
705 nm) with a monomeric RGD peptide c(RGDyK), and

, C " 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 experi-

S: ments demonstrated the specific integrin targeting ability
of QD705-RGD, and the fluorescence intensity correlated

ft, ". .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

S,. 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

Figure 3 (A) Structure of" lIn-DOTA-E-lc(RGDfK) '. (B) Scintigraphic htnage of three the mononuclear phagocytes of the reticuloendothelial
athytit RALB/c mice with a subcutanous Ntli:OVCAR-3 tumor 2 ht art,. ,ttiO, system (RES), which can mediate nonspecific uptake of
of 1.8 MBq ''In-DOTA-E-[c(RGDfK)l2, tumors are pointed out by arrows. Prominent

activity accumulations in the kidneys, liver, and intestines are also obvious. (C) Mouse circulating particulates are involved in the clearance of
injected with 1.8 MNq of the 1''tn-labelcd scramblcd pcptidc DOTA-P-lc(RGKfl))l, some of the circulating QD705 and QD705-RGD particles
showed no significant tumoir uptake. Adapted from Reference 56. in the mice (54). Based on these results, an approach that
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takes advantage of the high integrin targeting efficacy of the cyclic Tumoruptake was as high as 7.5% injected dose (ID)/g (t1lIn.DOTA.
RGD peptides, high stability and brightness of QD, and emission E[c(RGDfK)] 2) at 2 h p.i. or 6.0% ID/g (99nTc-HYNIC-E-[c(RGDfK)] 2)
wavelength in the NIR window will have great potential in cancer at 1 h p1.. A single injection of 90Y-DOTA-E[c(RGDfK)] 2 at 37 MBq in
diagnosis and imaging as well as imaging-guided surgery and mice with small subcutaneous tumors caused a significant growth
therapy. delay as compared with control mice. However, increasing the

number of injections did not improve the therapeutic efficacy (57,58).
RADIONUCLIDE IMAGING OF INTEGRIN Moreover, the prominent renal uptake limits its potential in clinical

Ot,,3 EXPRESSION applications. Multimeric RGD peptides with even higher receptor
affinity and longer tumor retention time might be more suitable for
clinical translation.

Single Photon Emission Computed Tomography RP748, an "i'n-labeled quinolone that binds to integrin a%33 with
As its name suggests (single photon emission), the source of high affinity, was recently studied both in vitro and in vivo to track

SPECT images are y-ray emissions (55). Internal radiation is admin- injury-induced vascular proliferation in rodents (59). This tracer
istered through a low mass amount of pharmaceutical labeled with a exhibits selective binding to activated czvp 3 integrin, and activation
radioactive isotope, which is then inhaled, ingested, or injected. The of integrin (.,[513 by Mn2+ led to increased cell binding. RP748 was
radioactive isotope decays and emits y-rays, which can be detected then injected into mice at 1, 3, or 4 weeks after left carotid injury,
by a y-camera. The y-camera can be used in planar imaging and carotids were harvested for autoradiography. It was found that
to obtain two-dimensional (2-D) images, or in SPECT imaging, the relative autographic intensity was higher at 1 and 3 weeks and
to obtain 3-D images. The first object that an emitted y-photon decreased significantly by 4 weeks after injury. Carotid rx5 and f13
encounters after exiting the body is the collimator that allows it to integrin expression peaked at 1 week and decreased by 4 weeks
travel only along certain directions to reach the detector, to ensure after injury. The proliferation index obtained from Ki67 staining
that the position on the detector accurately represents the source exhibited a temporal pattern that correlates to RP748 uptake. In
of the y-ray. SPECT imaging has a very low detection efficiency of vivo imaging of this radiolabeled integrin ofP3-targeting agent
<1 0-4 times the emitted number of y-rays because of the use of lead was performed in a canine model of postinfarction angiogenesis
collimators to define the angle of incidence. However, the advantage (60). Serial in vivo dual-isotope SPECT imaging with RP748 and
of SPECT imaging is that it allows simultaneous imaging of multiple 995Tc-MlBI demonstrated focal radiotracer uptake in hypoperfused
radionuclides since y-rays emitted from different radioisotopes can regions where angiogenesis was stimulated. A 4-fold increase in
be differentiated based on the energy. myocardial radiotracfer uptake in the infarct region was observed,

Janssen and coworkers (56) studied the in vivo behavior of the which was confirmed by histological staining of (Y,03 integrin. These
radiolabeled dimeric RGD peptide E[c(RGDfK)]2 in the subcuta- results demonstrated in vivo imaging of vascular cell proliferation-
neous NIH:OVCAR-3 ovarian carcinoma xenograft model in BALB/c associated states, whether focal, as in postangioplasty re-stenosis,
nude mice. 111n/90Y and 99mTc were incorporated through DOTA and or diffuse, as in pulmonary hypertension, which may lead to better
hydrazinonicotinamide (HYNIC) chelators, respectively (Figure 3). understanding of pathophysiology, development of novel paradigms
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Figure 4. (A) Structure ot '118F]Galacto-RGD. (B) Transaxial images of nude mice bearing tuImors with increasing amounts of otXP,-positive N 21 cells (0%
I M21i-I,, 25%, 75%, and 1001% IM211) 90 min postinjection (p.i.) obtained from a small-animal positron enission tomography (PET) scanner show increasing
tracer uplake in the tutmor. (C) The correlation between tumor/background ratios (obtained from PET) and relative integrin (x,p, expression (obtained from
Western bloi tanalyses). (D) A patient with malignant tmclanoma stage IV and mnultiple metastases in the liver, skin, and lower abdomen (arrows) showed marked
uptake of [ •F] FDG (lefi panel) but virt ualiy no uptake of [1"F1Galacto-RGD (right panei) using a clinical PET camera. (E) A patient with malignant melanoma
stage IM, and a solitary lymph notde metastasis in the right axilla can be detected by both IIsl] FIDG (left panel) and [[ 1IFGaiacto-RGD (right panil). RGD, argi-
nine-glycine-aspartic acid. Adapted from Reference 62.
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for management of cardiovascular disease, as well as better risk an A431 human squamous cell carcinoma model, in which the tumor
stratification of patients following myocardial infarction, cells are integrin negative, Quantitative analysis showed that uptake

of [l8F]Galacto-RGD in the melanoma model is related to Cf.,33

Positron Emission Tomography expression as determined by Western blot analyses. Initial clinical

To date, most of integrin targeted PET studies have been focused on trials in healthy volunteers and a limited number of cancer patients

the radiolabeling of RGD peptide antagonists of integrin Ux43 due to its revealed that this tracer can be safely administered to patients and

high binding affinity (nanomolar to subnanomolar range for monomeric is able to delineate certain lesions that are integrin-positive with

and multimeric RGD peptides) (61-64). For early lesion detection, reasonable contrast (62,69). Therefore, this approach may help

acquisiton of higher count statistics is particularly valuable for detecting in planning and optimizing therapeutic strategies targeting the

the fewest possible cells per unit volume with the least amount of radio- U1033 integrin.

activity. The sensitivity of PET is very high (10-11-10-12 M), and there is Despite the successful translation of [pt F]Galacto-RGD into

no depth limitation for detecting tumor signal (1,65). Therefore, PET clinical trials, several key issues remain to be resolved. (/) Tumor

imaging of tumor integrin expression is the most extensively studied targeting efficacy-as a monomeric RGD peptide tracer, it has

among all the modalities described above. The current status of RGD- relatively low integrin binding affinity and only modest tumor

based PET probe development is reviewed next. standard uptake values (SUVs). Therefore, tumors with low integrin
expression level may not be detectable. (fi) Pharmacokinetics-
although glycosylation improved the pharmacokinetic behavior of

18F-Labeled RGD Peptides the tracer to a certain degree, prominent activity accumulation in
Monomeric RGD peptide c(RGDyV) was first labeled by the liver, kidneys, spleen, and intestines was still observed in both

Haubner et al. (61) with 1251. This tracer had rapid tumor washout preclinical models and human studies, which makes it difficult
and unfavorable hepatobiliary excretion due to its high lipophilicity, to visualize lesions in the abdomen. (iii) Quantification of integrin
which limited its further application. Glycosylation on the lysine side density-it is unclear whether the tumor contrast from [18F]galacto-
chain of a similar RGD peptide c(RGDyK) decreased the lipophi- RGD/PET is a true reflection of tumor integrin cU5P3 expression
licity and the hepatic uptake (66). Another glycopeptide based on level in vivo. In the preclinical M21/M21-L model, there is moderate
c(RGDfK) was then labeled with 18F via 2-[itF]fluoropropionate correlation between tumor/background ratios (obtained from
prosthetic group, and the resulting [18F]galacto-RGD (Figure 4A) PET) and relative integrin ,vP3 expression level (from Western
exhibited integrin c.133-specific tumor uptake in integrin-positive blot analyses) (Figure 4, B and C). In the clinical trial, the kinetic
M21 melanoma xenograft model (62,67,68). It was also demon- modeling was carried out using a two-tissue compartment model
strated that [l8F]galacto-RGD is sensitive enough to visualize cv13 3  for the tumors and a one-tissue compartment model for the muscle.
expression resulting exclusively from the tumor vasculature using 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

A 8.F melanoma stage IV and multiple metastases in the
O-Tyr 1'.0a liver, skin, and lower abdomen showed virtually no

HO1- ./ O -NH /,,--,-NH uptake of [l8F]Galacto-RGD, while in Figure 4E, a
-Hr - =o patient with malignant melanoma stage IlIb and a

, HI [t-F]-FB-RGD solitary lymph node metastasis in the right axilla can
HO'ýý 0 H o--.N .FNH2 be detected.

A '-NH -rg NH
AMP / NSutcliffe-Goulden et al. (70) labeled a linear RGD

Gl, peptide with 18F via solid-phase synthesis. Unfortu-
nately, low metabolic stability and low avidity of the

D.Tyr HSF linear RGD peptide did not give tumor contrast. RGD
H•O- NH 'nH peptides have also been labeled with 18F throughHO , N -r"O N C

eO -NH _ electrophilic substitution method (71). The direct
o H 0N H fluorination strategy resulted in multiple side products

K Y""' H -B..N- that were difficult to purify by high-performance liquid

A-P -- NH Arg NH [' 8F]-FB'PEG-RGD chromatography (HPLC). The low specific activity of
0Gi, the carrier-added product, in particular, makes such

tracers unsuitable for in vivo integrin imaging.
E • 1 We labeled c(RGDyK) with 18F through a fluoro-

benzoyl prosthetic group (Figure 5) (26,29,72). The
2'i resulting [18F]FB-RGD had good tumor-to-blood and

tumor-to-muscle ratios but also rapid tumor washout
4 and unfavorable hepatobiliary excretion, making it

3 only suitable for visualizing lesions above the liver
2 (e.g., breast cancer, head and neck cancer, and brain

"5 tumor). Ratherthan introducing an amino sugar moiety
to increase the hydrophilicity (62,67), an amphiphilic
polyethylene glycol (PEG) linker (MW = 3400) was

Figure 5. (A) Structure or JI'FlPB-RGD and [I 'tFFB-PEG-R(GD. The polyethylene glycoi incorporated to improve the pharmacokinetics (26,73).
(PEG) linker has a molecular weight of 3,100. (B) Coronal microPET image of U87MG tumor- PEGylation significantly prolonged tumor retention
bearing mouse 30 min after injection of [l'F]FI-RGI) (lO-min static image). (C) 2-D projec- without compromising the desired rapid clearance of
tion of U87MG tumor-bearing mouse 60 rmin after injection of [8FI FlFB-PEG-RGI) (1 0-min radioactivity from liver and kidneys, yet it also reduced
static image). (D) Coronal image of the mnouse shown in panel C. (E) Digital autoradiograph
of the section containing tumor after rnieroPET imaging. 1, U87NG tumor; 2, intestines; 3, the receptor binding affinity of the RGD peptide. The
kidney; 't, gallbladder; 5, liadder; PET, p'ositron entission toTmograllyv; RGD, ,rginine-glycine- overall effect is that the tumor uptake is comparable
aspartic acid. Adapted from Reference 26. to the unmodified monomeric RGD peptide but with

6 Molecular Imaging November 2005

BTsappCai3SS5incd 6 . 10/18/2005 2:35:10 PM



improved pharmacokinetics. One disadvantage is that PEG is not a In order to quantify integrin x(e.3 expression level in vivo,
monodisperse compound, which makes complete characterization graphical analyses of the dynamic microPET scans in several tumor
of the tracer more difficult. xenograft models, such as glioma, breast cancer, prostate cancer,

Since c(RGDyK) gives better in vivo imaging results than and non-small cell lung cancers were performed (78). The Logan
c(RGDfK), due to its increased hydrophilicity (D-Tyr is more hydro- plot (79) (Figure 6C) gave better fit than the Patlak analysis (80),
philic than D-Phe), which gives lower liver uptake, and the bent reflecting the reversible binding characteristics of [18F]FRGD2.
conformation of both peptides has been optimized to fit into the deep Since 1251-echistatin forms a sodium dodecyl sulfate (SDS)-stable
cleft between the u, and 3 units of integrin cP3, it is unlikely that one complex with integrin ufj3 3 (resistant to 0.6% SDS) in the absence
can further improve integrin affinity and selectivity of the monomeric of chemical cross-linkers, reducing conditions and heating (81), the
RGD peptide by fine-tuning the pentapeptide configuration (22,74). tumor integrin density can be quantified by SDS polyacrylamide gel
Polyvalency effects have been applied to develop dimeric and electrophoresis (SDS-PAGE)/autoradiography using 1251-echistatin
multimeric RGD peptides, with repeating cyclic pentapeptide units as radioligand. The binding potential (BP) thus calculated from the
connected by glutamates (28,56-58,63,75,76). Indeed, the dimeric Logan plot correlated well with the receptor density measured from
RGD peptide E[c(RGDyK)]2 exhibited one order of magnitude receptor autoradiography (Figure 6D). Most importantly, at late time
higher binding affinity than the corresponding monomer c(RGDyK). points when most of the nonspecific binding had been cleared, the
[18F]FB-E[c(RGDyK)]2 (abbreviated as [18F]FRGD2) (Figure 6A) had tumor-to-background ratio also had a linear relationship with the
predominant renal excretion and almost twice as much tumor uptake tumor integrin levels (Figure 6F), thus making it possible to quantify
in the same animal model as compared to the monomeric tracer tumor integrin expression level in vivo with static PET scans and
[ltF]FB-c(RGDyK). The synergistic effect of polyvalency (77) and [11F]FRGD2. Whether this tracer [18F]FRGD2 will be translated into
improved pharmacokinetics may be responsible for the excellent the clinic to correlate between tumor-to-background ratios or SUVs
imaging characteristics of [1SF]FRGD2 (Figure 6B). and tumor integrin expression level remains to be determined.
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Figure 6. (A) Structure of [IF]FB-EIc(RGDyK)12 (abbreviated as [IF]FRGD2). (B) Dynamic microPET study of U87MG tumor-bearing mouse over 60 min
after injection of [I F] FRGD2, static scans at 120 min and 180-min time points were also conducted to complete the tracer kinetic study. Decay-corrected whole-
body coronal images containing the tumor are shown. (C) Logan plots derived from 60-mimn dynamic microPET imaging data showed excellent linearity of
normalized integrated (0nt) tumor activity versus normalized integrated muscle tissue activity effective for t > 25 minn. The curves for t < 25 mrin are shown in
the inset. (D) Correlation analysis between tumor tissue receptor density [Blnax/tng protein measured from sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE)/antoradiography using '2sl-echistatin as the radioligand] versus binding potential (BP; calculated from the Logan plot transformation of
dynamic ticroPET imaging data). (E')Tumnor tissue receptor density versus tumor-to-background ratio at 5 rtin postinjection (p.i) of [[ 1F] FRGD2. (F) Tumor
tissue receptor density versus tumor-to-background ratio at 60 main p.i. of ' FjFRGD2. PET, positron emission tomography. Adapted from References 63 and 78.
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The initial clinical trial of [18F]Galacto-RGD boasts promising and dosimetry studies (83). PET imaging of tumors with low doses
future of RGD-based PET tracer for in vivo tumor imaging. This of M4Cu-labeled RGD peptides could also be utilized to determine
tracer gives good contrast in most regions of the body except for individual radiation dosimetry prior to therapy with either high dose
the urogenital tract and the liver and spleen, even though the tracer 64Cu- or 67Cu-labeled RGD peptides.
itself is not quite optimal. Multimeric RGD peptides have been We initially labeled the DOTA-c(RGDyK) conjugate with 64Cu
reported to exhibit increased binding affinities in vitro and improved for breast cancer imaging (29). The radiotracer exhibited moderate
tumor accumulation and tumor-to-background ratios in preclinical tumor uptake with prominent liver and kidney retention. The
rodent models as compared with the monomeric compounds PEGylated analog, 14Cu-DOTA-PEG-c(RGDyK) showed signifi-
(28,58,63,64,78). Therefore, it is necessary to perform a side-by- cantly reduced hepatic activity accumulation, higher renal uptake
side comparison to determine whether multimeric RGD-based at early time points, but more rapid clearance compared with 64Cu-
tracers such as [18F]FRGD2 may exhibit more specific and more DOTA-c(RGDyK) (84). Although PEGylation at the lysine side chain
sensitive tumor targeting in both the preclinical rodent model and reduced the integrin binding affinity of the RGD peptide, the tumor
in clinical trials. It is very likely that the multimeric ligand approach activity accumulation was virtually unaltered. However, the subop-
will be used for performance optimization of RGD-based PET tracer timal tumor uptake and retention of this PEGylated tracer limited its
development. further application for receptor radionuclide therapy.

Dimeric RGD peptides were then labeled with 64Cu, and their
64Cu-Labeled RGD Peptides tumor targeting efficacy in murine xenograft models was tested

For PET imaging of integrin Qv3[33 expression, 'IF-labeled (Figure 7A) (28). At all time points, activity accumulation of 64Cu-

RGD peptides will likely be the first choice, since [ttFIF- is readily DOTA-E[c(RGDyK)] 2 in tumors was significantly higher than that of

available from most medical cyclotron facilities. In addition to 18F- the D-Phe analog. Liver uptake of 64Cu-DOTA-E[c(RGDyK)] 2 was
labeled RGD peptides, 64Cu- and 86Y-labeled RGD peptides are also lower than the D-Phe derivative 64Cu-DOTA-E[c(RGDfK)]2 at early
of considerable interest. 4Cu [t 2 = 12.7 h; W = 655 keV (19%); time points but the difference became marginal over time. Overall,= 573 keV (40%)] is an attractive radionuclide for both PET 64Cu-DOTA-E[c(RGDyK)1 2 yielded better PET images in orthotopicimaging and targeted radiotherapy of cancer (82) while 8o (tbt2  T MDA-MB-435 bearing mice than did 64Cu-DOTA-E[c(RGDfK)]2,14.7 h) is usually used as a substitute of c 0Y for pharmacokinetics 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,
AGly ol presumably because of bivalency and the increase inANH NH Ar apparent molecular size. In both cases, the tumor uptake

Asp - FH r Ht OH can be efficiently blocked by injection of the unlabeled
U 0 , Ht H H ONhN =/,O RGD peptide. PEGylated RGD dimer 64Cu-DOTA-PEG-

-N -= a "H-0 E[c(RGDyK)] 2 had similar blood clearance, more rapid

H-/ \ -- OH renal clearance, and significantly reduced hepatic uptake
%_1-r- LW HN, L as compared with 64Cu-DOTA-E[c(RGDyK)] 2 (75). Rapid
DTrr ' Lr OýTyr tumor localization and high tumor-to-background contrast

OP makes 64Cu-DOTA-PEG-E[c(RGDyK)] 2 a promising agent
: cH for integrin 0(103-positive tumor imaging. One striking

"observation is that it accumulated specifically in both
primary and metastatic lung tumor lesions (Figure 7B),

"ooC- LJ \-coo- while FDG only delineates the primary tumor but none

s4Cu-DOTA-PEG-E[c(RGDyK)]2 of the metastatic sites because of high uptake of FDG in
the heart area. However, the significance of this finding

Bmay 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
B C B C for SPECT imaging using 9tmTc and "'In-labeled dimeric

A RGD peptides (56,58). Various reports have since
,F demonstrated that the dimer gives better in vivo kinetics

as well as much improved imaging results. Very recently,
-D Wu et al. (64) developed a tetrameric RGD peptide

tracer 64Cu-DOTA-E(E[c(RGDfK)] 2)2 (Figure 8A) for
4 integdn a(5 3 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 radiolabeled
peptide showed rapid blood clearance, predominant renal
excretion, significant receptor-mediated tumor uptake,

Figure 7. (A) The structure of 6 1Cu-DOTA-PEG-E c(RGDyK) 1 (B, left panel) coronal and good contrast in tumor mice. Tumor uptake was rapid
image (IS-min static scan) of severe combined itmtmunodeficiency (SCID)-bg mouse bear- and high, and the tumor washout was slow (9.93 ± 1.05%
ing both subcutaneous and orthotopic NCI-HI975 tumors at 2 h after injection of( MCu- ID/g at 30 min p.i. and 4.56 ± 0.51% Dig at 24 h pi.)
DOTA-PEG-E[c(RGDyK)]2. Both primary tumors and mnetastases are clearly identified. (Figure 8B). This tracer was metabolically stable. The
(B, right panel) Whole body digital autoradiograph of a 50-ptmn-thick section correlating high integrin avidity and favorable biokinetics make 6

4Cu-
well with the coronal microPET image shown on the left. (B, panel labels) A, primary or-
thotopic tumor in the upper lobe of the left lung; B, local metastasis of the primary tumor: DOTA-E(E[c(RGDfK)]2)2 a promising agent for peptide
C, contralatcral lung tuctastasis; D, metastasis in the diaphragtt; E, subcutaneous tuMtor; F, receptor radionuclide imaging as well as radiotherapy of
liver. PET, positron emission tomogiaphy. Adapted from Relerence 75. integrin-positive tumors.
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CONCLUSION AND FUTURE PERSPECTIVE lesion detection but also for integrin-targeted radiotherapy. RGD

Significant advances have been achieved in developing novel peptides may also be labeled with less common PET isotopes such

probes for multimodality molecular imaging of tumor integrin as 1241 and 86y, which can help guide 1311 and 9OY-RGD therapy,

expression. Small molecules, peptides, peptidomimetic integrin respectively. Radiolabeled antibodies against integrin (vX[3 have

cx,03 antagonists, and antibodies have been labeled with radioiso- not been well studied despite the fact that a humanized monoclonal

topes, superparamagnetic nanoparticles, fluorescent dyes, QDs, antibody Vitaxin® is already in phase II clinical trials for treatment
and microbubbles for PET, SPECT, MRI, NIR fluorescence, and of melanoma and prostate cancer patients (85,86). Development

ultrasound imaging of small animals, mostly tumor models. The of suitably labeled Vitaxin for imaging the pharmacokinetics and

nanoparticles or microbubbles used for MRI or ultrasound imaging pharmacodynamic of the systemically administered antibody or for

has relatively large particle sizes (usually >200 nm) and typically integrin-targeted radioimmunotherapy may need to be emphasized

can not extravasate from the blood vessels. Therefore, they may for future studies.
only be suitable for tumor vasculature imaging rendering limited Despite the fact that [18F]galacto-RGD is already in early

potential in the clinic due to less available targets as compared to clinical trials for documentation of integrin expression in cancer

the small molecule tracers that can extravasate and therefore target patients, many other relevant integrin cOPY-specific imaging probes

not only the tumor vasculature but also the tumor cells. Because of discussed in this review suffer from the slow translation from

the high sensitivity and adequate spatial and temporal resolution of bench to bedside. Multiple steps in preclinical development, such

PET, development of PET probes for integrin expression imaging is as pharmacokinetics, dosimetry, imaging feasibility, and investiga-

currently the most active among all these modalities. [iaF]Galacto- tional new drug (IND)-directed toxicology, are necessary to convert

RGD is already in clinical trials for cancer imaging. '8F-labeled RGD a potential new agent into a diagnostic drug candidate suitable for

dimer [18F]FRGD2 may outperform [18F]Galacto-RGD because of early clinical testing. Emphasis on highly specific molecular targets
its higher receptor avidity and more favorable pharmacokinetics and processes has led to products with increased complexity and
as well as the ability to quantify integrin expression in vivo. 64Cu- higher costs of development but smaller market potential. This trend

labeled tetramer exhibited high and prolonged tumor retention and has effectively created a class of agents that investors consider too
rapid liver and kidney clearance resulting in good tumor-to-normal risky for commercial development, but these agents may have the
organ ratios, which not only makes this tracer suitable for early potential to influence diagnosis and treatment significantly. A general
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Micro-PET Imaging of ot0-3 3-Integrin Expression with 18F-Labeled
Dimeric RGD Peptide
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Abstract
The ot, integrins, which act as cell adhesion molecules, are angiogenesis. Integrin adhesion receptors regulate cell
closely involved with tumor invasion and angiogenesis. In survival, proliferation, motility, and differentiation
particular, o,3 integrin, which is specifically expressed on through their ability to transduce signals into and Out
proliferating endothelial cells and tumor cells, is a logical of the cells and to engage in reciprocal interactions with
target for development of a radiotracer method to assess

angiogenesis and anti-angiogenic therapy. In this study, a other cellular receptors [3]. The cell surface adhesion

dimeric cyclic RGD peptide E[c(RGDyK)]2 was labeled with 18F and signaling receptor Uv03 integrin, which is highly
(t,12 = 109.7 min) by using a prosthetic 4-[ 18F]fluorobenzoyl expressed in tumor cells of various origin and activated
moiety to the amino group of the glutamate. The resulting ECs in growing tumors but not on normal cells and
[1 8F]FB-E[c(RGDyK)] 2 , with high specific activity (200- quiescent ECs, has been identified as a marker for
250 GBq/plmol at the end of synthesis), was administered to
subcutaneous U87MG glioblastoma xenograft models for angiogenic vascular tissue and potentially can be used
micro-PET and autoradiographic imaging as well as direct as a target for diagnostic and therapeutic agents aimed
tissue sampling to assess tumor targeting efficacy and in vivo at tumor angiogenesis [4].
kinetics of this PET tracer. The dimeric RGD peptide demon- Two ca,-integrin antagonists-vitaxin, a humanized
strated significantly higher tumor uptake and prolonged tumor antibody [5], and cilengitide [6], a cyclic peptide mim-
retention in comparison with a monomeric RGD peptide icking the RGD ligand recognition peptidic domain
analog [18F]FB-c(RGDyK). The dimeric RGD peptide had irkin th R GD ligandsrecog in peptid cd in
predominant renal excretion, whereas the monomeric analog
was excreted primarily through the biliary route. Micro-PET trials [4]. Due to their better pharmacokinetics and oral
imaging 1 hr after injection of the dimeric RGD peptide bioavailability, small synthetic heterocyclic inhibitors are
exhibited tumor to contralateral background ratio of 9.5 ± also being developed as successors to peptide-derived
0.8. The synergistic effect of polyvalency and improved agents [7]. Other strategies include radiolabeled cyclic
pharmacokinetics may be responsible for the superior imaging RGD peptides for internal radiotherapy [8], and combi-
characteristics of [1 SF]FB-E[c(RGDyK)] 2. Mol Imaging (2004) 3,96-104. nation of integrin antagonists and radiolimmunotherapy

for enhanced therapeutic synergy [9]. The ability to

Keywords: Posiron emission ommogniphy, integrin, rlnieric RGD, fluorine-18. rapidly and accurately detect tumor growth and metas-

tasis is of great importance for implementation of tai-
lored therapeutic regimens [10]. We and others have

Introduction recently labeled cyclic RGD peptides with 18F [11-17]
and 64Cu [14] for positron emission tomography (PEI)

Tumor angiogenesis, the formation of new blood vessels
or the growth of blood vessels between a tumor and imaging of oe 3-integrin expression in murine tumor
surrounding tissue, is a complex process regulated m odels.The conjugation labeling of small cyclic RGD peptides
through a precise balance of pro-angiogenic and anti- with the prosthetic labeling group 4-[18F]fluorobenzoyl
angiogenic molecules, which involves complex interac- significantly increased lipophilicity of the peptide and

tions between extracellular matrix molecules, proteolytic led to unfavorable hepatobiliary excretion and rapid
enzymes, and cell adhesion molecules on endothelial tumor washout of the resulting PET tracer [11,12,14].
cells (ECs) [1,2]. As most solid tumors are angiogenesis The clinical potential of this type of radiotracer is thus
dependent, the ability to develop molecular imaging limited due to unfavorable biodistribution, including
methods for evaluating angiogenesis is of vital impor-
tance to understand the complex process and to mon- Corresponding author: Peter S. Conti, MID, Phi), Depzartmcnt of Radiology, University of

Southern California. 1510 San Pablo Street, Suite 350, L•s Angeles, CA 90033, USA; c-nail:
itor target specific anti-angiogenic treatment efficacy. pC,, sc:,clu.

Inhibition of the activity of any of the key regulators in Recehed,. 10 Februar' 2004; Accepted 20 April 2004.

the angiogenic cascade is expected to block tumor © 200 M4 ..sachuscts InStitute of Technology.
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very high activity accumulation in the lower abdomen. 515 chromatography system with a 486 tunable absor-
[11,12,14]. Haubner et al. [15,16] inserted a sugar moi- bance detector and model 1015-DC-P single-channel
ety between the 2-[18F]fluoropropionate moiety and the radiation detector from Carroll and Ramsey Associates
E-amino group of the cyclic RGD pepticle c(RGDfIq lysine (Berkeley, CA). Version 7.2.1 Labtech Notebook/XE soft-
residue. The increased hydrophilicity upon glycosylation, ware (Andover, MA) was used to record chromatograms.
rapid excretion, adequate metabolic stability, and the low Purification was performed on a Vydac protein and
estimated radiation close of this raciopharmaceutical peptide column (218TP510, 5 [Lm, 250 x 10 amm). The
endows it with potential for application in human studies, flow was 5 mL/mnin, with the mobile phase starting from
We applied a different approach to improve the in vivo 95% solvent A (0.1% TFA in water) and 5% solvent B
pharmaokinetic profile of 1 8F-labeled RGD peptidle (0.1% TFA in acetonitrile) (0-2 min) to 35% solvent A
through PEGylation [13]. The 18F-labeled PEG-RGD pep- and 65% solvent B at 32 min. The analytical HPLC method
tidle has significantly improved tumor retention relative was performed using the same gradient system, but with
to ["'F]FB-RGD without compromising the desirably a Vydac 218TP54 column (5 [Lm, 250 x 4.6 mm) and flow
rapid clearance of radioactivity from liver and kidneys, of I mL/min. The absorbance was monitored at 218 ,nm,
Additionally, decreased biliary excretion minimized intes-
tinal retention of the activity and increased tumor-to- ['9F]FB-E[c(RGDvyK)]2
nontumor ratios [13]. As a reference standard, [19F]FB-E[c(RGDyK)] 2 con-

Specific recognition of a peptide by a given receptor taining the 4-[19F]fluorobenzoyl moiety was synthesized
depends on the specific configuration of the peptide by coupling E[c(RGDyIK] 2 with N-succinimiclyl 4-fluoro-
side-chain with regard to its ability to fit in the receptor benzoate (SFB) under slightly basic condition. In brief,
binding sites. A multimeric peptide with two or more SFB 2.4 mg (10 [imol) in 500 [LL. acetonitrile was added to
monomeric units connected via semi-rigid molecular E[c(RGDyI9] 2 2.7 mg (2 ptmol) dissolved in Na 2HPO,1
linkers may achieve improved binding avidity and spec- buffer 1500 lLE (pH = 8.7) and allowed to stand at room
ificity through multiple, weakly cooperative interactions temperature for 2 hr. The reaction was quenched by
[18]. It was recently reported that dlimeric and multi- adding 50 [tL TFA and followed by semi-preparative
meric cyclic RGD peptides have higher receptor binding HPLC purification. Matrix-assisted laser desorption/ioni-
affinity in vitro [19] and better tumor retention in vivo zation-time of flight mass spectrometry (MALDI-TOF)
[19,20]. This is presumably due to polyvalency, which of [19F]FB-E[c(RGDyK)] 2: m/z = 1472.9 for [M + H]+
gives rise to an enhanced binding and steric stabilization (C66H90FN 190 19); the retention time was 17.3 min from
[21]. The aim of the study presented here was to analytical HPLC; the purity was 99%, and the yield was
compare the tumor targeting and in vivo kinetics of the 76%.
18F-labeled dimeric RGD peptide ['8F]FB-E[c(RGDyK)]2

to that of its monomeric analog, [l8 F]FB-c(RGDyK). Radiolabeling E[c(RGDyK)]2 with 18F
E[c(RGDyK)] 2 was labeled with 18F by conjugation

coupling with N-succinimidyl 4-[ 18F]fluorobenzoate
Materials and Methods ([l8 F]SFB). [18F]SFB with a specific activity of 200-
Materials 250 GBq/imol [14] was dissolved in acetonitrile (1 mL)

All reagents, unless otherwise specified, were of ana- and added to E[c(RGDyK)] 2 (200 [tg, 0.15 ltmol) dis-
lytical grade and commercially obtained. Cyclic RGD solved in Na 2HPO 4 buffer (1 mL, pH = 8.7). The reaction
peptide c(RGDyK) was synthesized via solution cycliza- was continued for 30 min at 45'C until most of SFB had
tion of the fully protected linear pentapeptide H-Gly- reacted according to radio-TLC (eluent CH2CI2/EtOAc =
Asp(OtBu)-l-Tyr(OtBu)-Lys(Boc)-Arg(Pbf)-OH, followed 4:1). Final purification was accomplished by C18 reversed-
by TFA deprotection [22]. FB-c(RGDyK) was prepared phase chromatography (detection modes: radioactivity
earlier by our group [14]. Dimeric RGD peptide and UV at 218 nm). HPLC fractions containing the activity
E[c(RGDyK)] 2 was prepared by coupling Boc-Glu-OH were combined and evaporated with a stream of argon to
with two equivalents of monomeric RGD peptide remove acetonitrile. The pH of the resultant aqueous
c(RGDyK) followed by TFA cleavage [23]. No-carrier- solution was adjusted to 7.0 with 0.1 N NaOH. This
added [ 18F] F- was produced via the 18 0(p,n) 18F reaction solution was passed through an activated Waters C18

by bombarding a [180] water target (95% enrichment, Sep-Pak cartridge, washed with water and eluted with
Isonics, Golden, CO) with 11 MeV protons using a 200 -L, portions of 80% ethanol. The ethanol fractions
Siemens RDS-112 negative ion cyclotron. Semi-prepara- were pooled and evaporated to a small volume. The
tive, reversed-phase HPLC was accomplished on a Waters activity was reconstituted in phosphate-buffered saline
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and passed through a 0.22-rmn Millipore filter into a injectate and normalized to body mass of 20 g. Values are

sterile multidose vial for use in animal experiments, quoted as mean ± standard deviation (SD) for a group of
four animals. Receptor-mediated localization of the ra-

Receptor Binding Assay diotracer was investigated by intravenous injection of
Primary human brain capillary endothelial cells 10 mg/kg of c(RGDyK) mixed with ["'F] FB-E[c(RGDyK)] 2

(HIBCECs) were isolated, characterized, and grown in into four mice bearing the U87MG tumor. The mice in

RPMI-1640 medium with 10% FBS in 5% CO2 at 37°C this group were sacrificed at 1 hr pi.

as previously described [24]; the cells were used be-
tween passages 5 and 14. 125I-c(RGDyI9 (specific activity Micro-PET Imacging Studies

1700 Ci/mmol) was prepared via the chloramine-T meth- PET imaging was performed with a micro-PET R4

od according to a reported procedure [21]. For com- rodent model scanner (Concorde Microsystems, Knox-

petitive integrin receptor binding assay studies, Costar ville, TN). The scanner has a computer-controlled bed,

24-well plates were seeded with 2 x 105 BCEC cells/well and 10.8 cm transaxial, 8 cm axial field of view (FOV),

for 2 hr and then rinsed twice with binding buffer and an intrinsic resolution of 1.85 mm at the center of

(50 mM Tris, pH 7.4, 150 mM NaCI, 2 mM CaCI2, 1 mM the FOV. It has no septa and operates exclusively in 3-D

MgCI2 , 1 mM MnCl, and 0.1% bovine serum albumin) list mode. The raw list mode data were 3-D histo-

[24]. The plate was incubated with 125I-c(RGDyK) in the grammed without smoothing into single-frame sono-

presence of increasing concentrations of different RGD gram files and reconstructed into images via the

peptide analogues (0-1000 nM). The total incubation Ordered Subsets Expectation Maximization (OSEM)
volume was adjusted to 400 [L. After the cells were method. The spatial resolution obtained with this re-

incubated for 2 hr at 4'C, the supernatant was removed, construction method ranged from 1.9 to 2.3 mm.

and the cells were washed twice with cold binding buffer Regions of interest were drawn around areas of maxi-

and then solubilized with 0.5% SDS. Radioactivity was mum tracer uptake. The mice were injected with 150 [[Ci
determined using a NaI(TI) gamma counter (Packard, of [18F]FB-E[c(RGDyKl] 2 via the tail vein, anesthetized

Meriden, CT). The IC50 values were calculated by fitting with ketamine/xylazine at 1 hr pi and then centered in

the data by nonlinear regression using GraphPad Prism the FOV of the micro-PET. Mice were scanned for 15 min,
(GraphPad Software, San Diego, CA). Experiments were and the raw data were framed into one static frame

carried out with triplicate samples. without attenuation correction. The micro-PET was cal-
ibrated in terms of absolute activity concentration (nCi/

Tumor Models cc) by imaging a plastic bottle approximating the dimen-
Animal experiments were conducted under a proto- sions of a mouse body and filled with a known concen-

col approved by the USC Institutional Animal Care and tration of 18F.
Use Committee (IACUC). Female athymic nude mice
(nu/nu) obtained from Harlan (Indianapolis, IN) at Whole-Body Autoradiography
4-5 weeks of age were injected subcutaneously in Autoradiography was performed using a Packard Cy-

the right front leg with 2 x 106 U87MG glioblastoma cells clone Storage Phosphor Screen system (Downers

suspended in 150 [tL Eagle's minimum essential medium Grove, IL) and a Bright 5030/WD/MR cryomicrotome
(EMEM). When the tumors reached 0.4-0.6 cm in diam- (Hacker Instruments, Fairfield, NJ). In order to correlate
eter (14-18 days after implant), the mice were used for the results obtained from micro-PET and whole-body

biodistribution and micro-PET imaging experiments. autoradiography, tumor-bearing mice were sacrificed

under ketamine/xylazine anesthesia at 1 hr pi, followed
Biodistribution by micro-PET imaging and subsequently cryosectioning

Nude mice bearing subcutaneously xenografted hu- for autoradiography. This procedure was followed in

man glioblastoma U87MG tumors were injected intrave- order to eliminate the possibility of change in tracer

nously with approximately 740 kBq (20 iLCi) of [18Fl biodistribution between micro-PET and autoradiography.
FB-E[c(RGDyK)] 2. Animals were euthanized at 30 min, Immediately after micro-PET scanning, the euthanized

1 hr, 2 hr, and 4 hr postinjection. Blood, tumor, and the mouse was frozen in dry ice and isopropyl alcohol bath

major organs and tissues were collected, wet-weighed, for 2 min. The body was then embedded in 4% carbox-
and counted in a gamma-counter (Packard). The per- ymethyl cellulose (CMC) (Aldrich, Milwaukee, WI) in

cent-injected close per gram (%ID/g) was determined for water mixture within a stainless steel mold. The mold
each sample. For each mouse, radioactivity of the tissue was placed in the dry ice and isopropyl alcohol bath for

samples was calibrated against a known aliquot of the 5 min and then into a -20'C freezer for 1 hr. The walls
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of the mold were then removed, and the frozen block binding affinity (IC50 = 2.3 ± 0.7 nM) for HBCECs
was mounted in the cryomicrotome. The block was cut as compared to the monomeric analogue c(RGDyK)
into 50 [•M sections, and desired sections were digitally (IC-f) = 3.5 + 0.3 nM). Modification of the RGD pepticles
photographed and then captured for autoracliography. with the 4-fluorobenzoyl group somewhat decreased
The sections were transferred into a chilled film cassette their binding avidity, with the IC50 values for FB-
containing a Super Resolution screen (spatial resolution c(RGDyK) and FB-E[c(RGDyK)] 2 being 16.9 ± 0.5 nM
0.1 amm; Packard) and kept there overnight at -20'C. and 6.7 ± 0.5 nM, respectively.
Screens were laser-scanned with the Packard Cyclone.

Biodistribution
Statislical Analysis The biodistribution of 18F-labeled dimeric RGD pep-

The data are expressed as mean ± SD. Means were tide ([18F]FB-E[c(RGDyK)]2) in female nude mice bear-
compared using one-way analysis of variance (ANOVA) ing subcutaneous U87MG glioblastoma tumors are
and Student's t test. Ap value of < .05 was considered shown in Figure 3. Data were obtained at 30 min, 1 hr,
significant. 2 hr, and 4 hr postinjection. Tumor weights ranged from

0.3 to 0.5 g. The tracer showed rapid blood clearance,

Results with initial blood radioactivity concentration of 0.81 ±

Radios.)nthesis 0.09 %ID/g at 30 min pi, and only 0.09 ± 0.1 %ID/g at
Labeling of dimeric RGD peptide E[c(RGDyK)]2 using 4 hr pi. Tumor uptake was rapid and high (6.79 ±

["'F]SFB as a prosthetic group resulted in ["'F]FB- 0.05 %ID/g at 30 min pi) with some tumor washout
E[c(RGDyK)] 2 (Figure 1) of high radiochemical purity observed with time (uptake declined to 4.27 ± 1.04 and
( > 99%) according to analytical HPLC. The decay- cor- 2.04 ± 0.5 %ID/g, at 2 and 4 hr pi, respectively). Tumor-
rectedyield of ['8F]FB-PEG-RGD, counted from [18F]SFB, to-blood activity concentration ratio peaked at 4 hr
ranged from 20% to 30% (in three preparations). The (23 ± 2). Systemic clearance occurred predominately
specific radioactivity of [18F]SFB was estimated by radio- by renal excretion. Biodistribution data for [18F]FB-
HPLC to be 200-250 GBq/[umol at the end of synthesis E[c(RGDyK)] 2 and ["'F]FB-RGD [12,14] are compared
(EOS) (or 300-400 GBq/[tmol at end of bombardment in Figure 4. Tumor uptake of dimeric RGD was signifi-
[EOB]), based upon 9.25 GBq (250 mCi) of starting cantly higher than that of monomeric RGD at all time
[18F]F-. For micro-PET studies, the injected close of points (p < .001). At 2 hr after tracer administration,
5.55 MBq (150 lLCi) contained approximately 30-40 ng tumor uptake of [18F]FB-E[c(RGDyK)]2 was 4.27 ±
of [18 F]FB-E[c(RGDyK)] 2 . For biodistribution studies, 1.04 %ID/g compared with only 1.56 ± 0.35 %ID/g for
the injected dose of 0.74 MBq (20 [LCi) was composed [18F]FB-RGD. Liver accumulation of monomeric RGD
of 4-5 ng of radioactive 18F-labeled RGD dimer. peptide was higher than that of dimeric RGD peptide

(p < .001) at 30 min (2.50 ± 0.18 %ID/g for [18F]FB-
Receptor Binding Studies RGD and 1.34 ± 0.18 %ID/g for [18F]FB-E[c(RGDyl9] 2),

All RGD peptide analogues tested in the displacement but the difference diminished with time. Renal uptake of
assays showed the expected sigmoid curves (Figure 2). the dimeric RGD peptide was significantly higher than
The climeric RGD pepticle E[c(RGDyK)12 showed higher that of the monomeric RGD peptide at all time points

Gly Gly

Asp 0N< NH Arg NH NH Arg HN'f Asp

HO'Jr.. N N~kNH2 H2N IkN _ HN O

0 H 0' HN= H H NH "N O
H 0 NH

- CO-NH-- 1 • 0 HN-OC.-'
HO-, ' " -N - N" -OH

D-Tyr Lys H HN H Lys D-Tyr

18 F

Figure 1.Schemalic sirticlure of ["•]FB-E[c(RGDyK)]2 6AWV = 1473). '7F-labeling was carried o0ut via acylalion of the amino group at the glotamate residce.

Molecular Imaging a Vol. 3, No. 2, April 2004



100 1
8
F-Labeled Dincric RGD Chen et al.

*5

!.7100 c(RGDyK) agreed well with the data obtained from direct tissue

Y E[c(RGDyK)], sampling. Notice that, at the time of imaging, the activity
S75. FB-Efc(RGDyK)12  in the intestinal tracts was very low, resulting in a veryt,.9 , A FB-c(RGDyK)

A0o .high-quality image and favorable tumor-to-nontumor

ratios. As expected, no activity accumulation was ob-

Sa 

.250served in the normal brain, presumably clue to a low

0o level of ov-integrin expression in the intact blood-brain
-11 -;0 29 - -7 -6 barrier [21,25]. As a comparison, 2-D projection micro-

log [M] PET image in the presence of [18F] FB-RGD (15 min static

scan at 1 hr postinjection of 150 [tCi of monomeric RGDFiigure 2. hi vitro disp)lacement of -'V1c(R~GD'K) b3' c(RsGDtK) (i), Fn-

c(RGDIK) (V), E/c(RGDyK)] .("l and Fl3 -[c(RGID')} (A) iyK(ZjnlCECs. Vahus pepticle radiotracer) is shown in Figure 6B. U87MG
are the mean Q/ three deeternlinattions. tumor on the right hind leg was visible with contrast to

contralateral background, however, excessive activity
accumulation in the intestinal tracts eliminated its possi-

examined. Consequently, the tumor-to-kidney ratio for bility to visualize tumors in the lower abdomen [12,14].
the monomeric RGD peptide was higher than for the Quantification of tumor and major organ activity

dimeric RGD peptide (2.8 ± 0.4 for [18F]FB-RGD and accumulation in micro-PET scans was performed on
1.4 ± 0.2 for [18 F]FB-E[c(RGDy)q] 2 at 2 hr pi, respec- coronal views using regions of interest (ROIs) that en-

tively). It is also noteworthy that intestinal uptake of the compassed entire organs. Uptake in the U87MG tumor,

dimeric RGD peptide was significantly lower than that liver, and kidneys was calculated as 4.4 ± 0.6, 0.9 + 0.1,
of the monomeric RGD pepticle. Coinjection of [18F]FB- and 3.6 ± 1.2 %ID/g, respectively. These results were in

E[c(RGDyK)] 2 with 10 mg/kg of c(RGDyK) resulted in good agreement with the biodistribution data obtained
decreased uptake at 1 hr pi in all dissected tissues except at 1 hr pi except for the tumor, which was underesti-
the kidneys. The most pronounced reduction of uptake mated due to partial volume effect. For one mouse,

(4.27 ± 1.04 to 0.45 ± 0.11 %ID/g) occurred in tumor micro-PET images obtained following injection of
(Figure 5). A similar phenomenon has also been observed [' 8F]FB-E[c(RGDyKI] 2 were compared with subsequent

with other radiolabeled RGD peptides [8,11-16,22]. high-resolution (0.1 mm) autoradiography. Figure 7

compares a coronal micro-PET slice (thickness 1.2 mm)
Micro-PET and Autoradiography including the U87MG xenograft (Figure 7, left) with a

A2-D projection micro-PET image (15 min static single corresponding autoradiographic section (thickness
frame beginning at 60 min after intravenous injection of 0.05 mm, Figure 7, right); correlations between the re-
150 [tCi of [18F]FB-E[c(RGDyK)] 2) of a mouse bearing gions of high uptake observed in the micro-PET scan

U87MG tumor on the right front leg is shown in and autoradiography were clearly demonstrated.
Figure 6A. The tumor was clearly visible, with high
contrast to contralateral background (ratio: 9.5 ± 0.8).
Prominent uptake was also observed in the gallbladder Discussion
and urinary bladder. Liver uptake was significantly lower This study demonstrates that 18F-labeled dimeric RGD

than tumor uptake (p < .001), and activity accumulation peptide [18F]FB-E[c(RGDyK)] 2 has significantly im-
in the kidneys was slightly higher than in tumor, which proved tumor targeting efficacy, in particular, higher

8.-
04-h

2

04

Figure 3. Biodistribution of ["F]FB-F[c(RGDyK)], in atbymic node mice bearing sobcotaneous U8 7MG glioblastoma tunors (% ID/g: % injected dose per gram).
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0.9 - BLOOD the potential for growth and metastasis. Angiogenic

therapies have received a great deal of attention in recent
0.6 - years; methods to identify the angiogenic phenotypes of

0.3 - tumors and evaluate the efficacy of these therapies would
03 ibe of great significance. Integrin receptors are implicated

0 n mw--in many pathological processes, such as osteoporosis,
30 min 1 h 2 h 4 h misregulated angiogenesis (e.g., rheumatoid arthritis or

0.8 - MUSCLE retinopathy), thrombosis, and inflammation, as well as
tumor growth and tumor metastasis [26]. Overexpres-

0.6 sion of o(N3 integrin on the cell surfaces of tumor cells

0 0.4 - and activated ECs compared with resting ECs suggests

30 the application of suitably labeled aI33 antagonists for

0. E I imaging of receptor density levels in etab-positive
tumors. Potential antagonists include antibodies, cyclic
RGD peptides, peptidomimetics of the confined RGD3-LIVER sequence, or small Molecules. However, genetic ablation

of o,, integrins in mice has been associated with en-
) 2 -hanced pathological angiogenesis [27. This seemingly

8_1 1paradoxical finding implies that the exact role of o-v in
1tumor angiogenesis is yet to be established. It is possible

that av integrins are negative regulators of angiogenesis
30 min I h 2 h 4 h and that the drugs targeting them may be acting as

KIDNEY agonists rather than antagonists [28].
6 - Gliohlastoma multiforme, the most malignant astro-

glial-derived tumor, grows as an adherent mass and lo-
g cally invades normal brain [29]. Both brain capillary and
8 2- brain tumor cells express high levels of ov03 and 005

integrins in vitro and in vivo [30], as also observed in

30min 1 h 2h 4h

8 TUMOR 6- 0 Control

A: ['8F]FB-E[c(RGDyK)J 2  U Block

S• 2-
0)2 0

2 CL

30min l h 2h 4h o,

Figure 4. Comparison of the biodistribut ion data of /'5FIFB-EFcm'RGDyKA)]2

(E]) and ['8F1F13-c(RGDyK) (0) in athymic nude mice with subcutaneous
1J87MG tunors. 6 - B: [' 8F]FB-c(RGDyK) El Control

0 • Block

_4-
tumor uptake and prolonged tumor retention, compared

18.to the monomeric RGD peptide analogue, [18F]FB- 2- -
c(RGDyK). Imaging of oU33-integrin positive U87MG D
glioblastoma tumor in an intact mouse using a high- 0 r'=

resolution micro-PET scanner resulted in strong contrast RP @ ..

between tumor and normal tissues at 1 hr after injection
of [ 18F] FB-E [c (RGDyK)] 2.

Dysangiogenesis is involved in most of the major Figure 5. BiodListribution of ["•FJFBEfc(RGDvKjJ (A) and ["'FJFB-c(?GDyK)

(13) in the absence (control) andpresence (block) o/'10 ,ng/kg nonradioactive
human pathologies [25]. Angiogenic properties of monomeric RGD peptide cdRGDyK) at I h pi in atbynic nude mice with

tumors are considered to be critical determinants of subcutaneous U87MG tumors.
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A and nanomolar binding affinity for U03s integrin, are
ideal for development of suitably labeled probes for
tumor visualization, avý3-integrin quantification in vivo,
and assessment of anti-integrin treatment efficacy. Cyclic

Lung U87MG RGD peptides have been labeled with 18F [11-17] and

Liver Gallbladder 64Cu [14] for PET, and "Iln and 99mTc [8,19,33,34] for

Kidney SPECT imaging studies. In addition, antibodies have
Kidney Intestines been attached to the surface of microbubbles and lip-

Bladder osomes for contrast-enhanced ultrasound [35] and mag-
netic resonance imaging [36] of tumor angiogenesis,

respectively.
Although y-emitting radiolabels are more readily

B available and in general have longer half-lives relative
to + -emitting radionuclides, PET cameras have much
higher sensitivity, better spatial resolution, and more
accurate attenuation correction, and therefore better

Lung
Gallbladder quantitative accuracy, than SPECT scanners [37]. The

Liver acquisition of higher count statistics is particularly valu-

Intestines able for detecting the fewest possible cells per unit

Bladder U87MG volume with the least amount of radioactivity. We expect
B dPET imaging with the l3F-labeled dimeric RGD peptide

described here to provide higher sensitivity and resolu-
tion for early tumor detection and assessment of tumor
treatment efficacy than SPECT imaging with "'In- and99olTc-labeledl peptide analogs.

Figure 6. (A) 2-D projection of U87MG bearing moose 60 rnin a/er injection of 'TF-labeled m e ric Rg pa

150 pCi qf["''F]FI3-E[c(?GDyK)]2 (15 mnin static imae%). Acti/ti in the kidneh'ys mF-labeled monomeric RGD peptides, labeled either

and urinary, b/adder relects the renal excretion qf the radio/abeled peptid, via electrophilic [17] or nucleophilic [11-14] substitu-
(1) 2-D projection of 11871G tlunor-bearing moose 60 mrin /ler injection q/' tion, have encountered the problems of rapid tumor
150 pCi of['5 FlF)3-c(RGIDYK (15 min stat/c inct~e),. washout and unfavorably high hepatobiliary excretion.

Insertion of a sugar amino acid between the F-18 label and
human brain tumor specimens [31]. EMD 121974, the RGD ligand increased the hydrophilicity of the pep-
c(RGDf[NMe]V), an o,-integrin antagonist, detaches tide, which brought about improved in vivo pharma-
both the o,,-integrin-expressing brain capillary and brain
tumor cells from the matrix proteins vitronectin and
tenascin, resulting in significant apoptosis of both cell
types [32]. Also, daily administration of EMD 121974 0...
inhibited growth of a glioblastoma (U87MG) cell line
xenotransplanted into the forebrain of nude mice result-
ing in increased survival [32]. Suitably labeled RGD
peptide may be used to visualize brain tumor growth,
quantify integrin receptor expression, and follow anti-
integrin treatment efficacy, as well as to develop more
potent anti-integrin drugs based on the tracer targeting
ability and in vivo kinetics.

Because of the very precise design of their configu-
ration, modification and labeling of peptidomimetics
and small molecule antagonists of 003 integrin usually
eliminate the receptor binding characteristics of such
ligands. Furthermore, the lipophilicity of these types of
ligands further limits their applicability for diagnostic Figure 7. Left. llicro-PETscan (15 nin sinq/lefitme) of11887MG tunoor-hearing

oionise sacrfl'ced 1 hr qoter injection o.f.5o pci of [/1F1F13-E[c(?GDyK)]2. Right:
imaging Of e03-integrin expression. On the other hand, Digital autoradiograph of the section containing tumor. Tumors were

cyclic RGD peptides, with suitable metabolic stability visualized in the right upper leg (arrows).
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cokinetics of the resulting PET tracer. An alternative to major metabolite into the negatively charged proximal
this sialiclation/glycosylation approach is to introduce renal tubular cells than that of the monomeric RGD
a poly(ethylene glycol) moiety into the original lipo- analogue [8,19]. Whether the increased tumor targeting
philic radiotracer ([ 18F]FB-RGD). The PEGylated pep- of dimeric RGD peptide was clue to cooperative binding

tide [18F]FB-PEG-RGD has improved bioavailability, or pharmacological effects remains to be determined
increased stability toward enzymatic degradation and since there is no direct evidence about whether the
solubility under physiological conditions compared with spatial arrangement and separation of two RGD moieties
['"F]FB-RGD [13]. In this study, dimeric RGD peptide is optimal for multiple cell surface integrin binding.
E[c(RGDyK)]2 labeled with 18F through the 4-fluoroben- Receptor-specific tumor uptake of [18F]FB-E[c (RG-
zoyl moiety showed both renal and hepatobiliary ex- DyK)] 2 was demonstrated by effective blocking of
cretion pathways, resulting in significant activity activity accumulation in U87MG glioblastoma xenograft
accumulation in the gallbladder, kidneys, and urinary resulting from coinjection of the radiotracer with mono-
bladder (Figure 6B). The affinity and specificity of the meric RGD peptide c(RGDyK), which reportedly has high
racliotracer for u, integrins and relatively slow blood affinity and specificity for o003 integrin [22]. It is unclear
clearance of the radiotracer might be responsible for at this stage whether the visualization of the tumor is du
the prominent tumor retention. to enhanced integrin expression on the neovasculature

It has been proposed by several groups that the or enhanced integrin expression on tumor cells. Further
receptor binding characteristics of dimeric and multi- validation of the noninvasive PET imaging requires corre-
meric RGD peptides would he better than that of lation of the magnitude of tumor uptake with receptor
monomeric RGD pepticle based upon polyvalency [18]. density, which can be determined independently using
Simultaneous binding of multiple RGD motifs within a antibodies that are specific to human evA3 integrin
single molecule to one integrin or binding of multiple (U87MG tumor cells) and to mouse o., and/or P3 integrin
integrins to a single multimeric RGD pepticle induces (ECs). In order to address the ultimate goal of imaging
cooperativity, entropically enhanced affinity, and steric in patients, model systems with intermediate integrin
stabilization [18]. Immobilized human placental NO3Y expression and negative controls should also be studied
receptor ELISA assays have indicated a more avid bind- in order to represent the full extent of human presenta-
ing of the dimer than the monomeric RGD analogue tions. Since PEGylation of monomeric RGD pepticle sig-
[19]. Dimeric RGD peptide E[c(RGDfK)]2 has thus been nificantly improved in vivo kinetics of the RGD pepticle
conjugated with 1,4,7,10-tetraazadodecane-N,N',N",N- without compromising tumor-targeting efficacy [13,22],
tetraacetic acid (DOTA) and labeled with 90Y and ...In we expect that PEGylation may further enhance integrin
[22], and with hydrazinonicotinamide (HYNIC) for 99TlTc targeting and improve the biodistribution of the dimeric
[19]. It has been demonstrated that uptake of the dimer RGD peptide tracer.
is higher than that of the monomer in most organs and
tissues, but kidney uptake is also higher for the dimer Acknowledgments
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ABSTRACT peptides with different radionuclides for positron emission tomogra-
phy (PET: refs. 14-17) and single-photon emission computed tomnog-

Noninvasive visualization of cell adhesion molecule radon integrin gx- raphy (SPECT; 18. 19) imaging of a,-integrin expression in various
pression in viwo has been well studied by using the radionuclide imaging preclinical xenograft models, with tumor targeting efficacy and in Vivo
modalities in various preclinical tumor models. A literature survey indi-

kinetics profiles being a factor of the receptor binding affinity andcared no previous use of cyanine dye% as contrast agents fur in vivo optical

detection of tumor integrin. Hlerein, we report the integrin recep- hydrophilicity, as well as of the metabolic stability of the radiotracers.

tor specificity of novel peptide-dye conjugate arginine-glycine-aspartic Although radionuclide imaging modalities are characteristic of high
acid (RGID)-Cy5.5 as a contrast agent in vitro, in vivo, and ex vivo. sensitivity and noninvasiveness, they often suffer fronm poolr spatial
The RGD-Cy5.5 exhibited intermediate affinity for (0,43. integrin and temporal resolution. Another characteristic of PET imaging, in
(ICso = 58.1 t 5.6 nmol/l,). The conjugate led to elevated cell-associated particular, is the need for a local cyclotron to generate short-lived
fluorescence on integrin-expressing tumor cells and endothelial cells and positron emitting radionuclides and a synthetic unit to produce the
produced minimal cell fluorescence when coincubated with c(R(;DyK). "I biologically useful probes. A relatively inexpensive, robust, and
vivo imaging with a prototype three-dimensional small-animal imaging straightforward way of measuring integrin levels at least in a relative
system visualized subcutaneous U87MG glioblastoma xenograft with a manner that also provides the possibility of semniquantitative evalua-broad range of concentrations of fluorescent probe administered via the . 'tl ral

tion would greatly aid the study 01' tumor biology. Optical imaging,
tail vein. The intermediate dose (0.5 mnol) produces better tunmor contrast
than high dose (3 nmol) and low dose (0.1 nmol) during 30 minutes to 24 which uses neither ionizing radiation nor radioactive materials, is
hours postinJection, because of partial self-inhibition of receptor-specific emerging as a complement to nuclear imaging methods. The major
tumor uptake at high (lose and the presence of significant amount of limitation of light is the high absorption and scattering that occur in
background fluorescence at low dose, respectively. The tumor contrast biological tissues and, thus, the limited penetration of the light
was also dependent on the mouse viewing angles. Tumor uptake of RGD- through the body. However, in small animals, the required path-length
Cy5.5 was blocked by unlabeled c(RGDyK). This study suggests that the of light is much shorter, which makes the use of optics more feasible.
combination of the specificity of RGD peptide/integrin interaction with The ease of using short acquisition times also allows the collection of
near-infrared fluorescence detection may be applied to noninvasive imag- multiple time points and examinations in the same animal. Near-
ing of integrin expression and monitoring anti-integrin treatment efficacy infrared (NIR) fluorescence imaging. in particular, is expected to have
providing near real-time measurements,.nrrd(I)floecneia

a major impact in biomedical imaging of specific targeting. In general,
INTRODUCTION biological tissues exhibit a high photon absorbance in both the visible

wavelength range (350-700 nm; secondary to hemoglobin, tissue

Integrins X,93, and a,35 seem to play a critical role in regulating pigments, and so forth) and in the infrared range (> 900 nm; second-

tumor growth and metastasis as well as tumor angiogenesis (1-5). ary to lipids and water). However, in the NIR region (700-900 nm)

Although only minimally expressed in quiescent blood vessels and the absorbance spectra for all biomolecules reach minima. Hence,
normal cells, a,, integrins are significantly up-regulated in sprouting NIR fluorescence light offers a unique advantage for the imaging of

tumor vessels and solid tumor cells of various origins (4, 5), and their pathophysiological states (20). Thus, we chose the widely used Cy5.5

expression levels correlate well with the aggressiveness of the disease dye for our optical imaging studies.
(6-8). Antibodies, small inhibitory peptides, and nonpeptide antago- NIR fluorescent dye Cy5.5 has proved to be a promising contrast
nists of a,,-integrins have thus been developed as potential antiangio- agent for the in vivo demarcation of tumors by several groups (21-24).
genic strategies (1, 9-1I). This dye has absorbance maximum at 675 nm and emission maximum

The ability to noninvasively visualize and quantify a,,-integrin level at 694 nm. and can be detected in vivo at subnanomole quantities and
in vivo would allow us to understand the intrinsic relationship between at depths sufficient for experimental or clinical imaging depending on
a,-integrin expression and tumor growth and spread, to evaluate the NIR fluorescence image acquisition technique. In this study, we
anti-integrin treatment efficacy, and to develop new integrin antago- report in vivo NIR fluorescence imaging of integrin ,,3 3-positive
nists of high potency (12. 13) with pertinent in vivo pharmacokinetics. U87MG glioblastoma model targeted by a RGD-Cy5.5 conjugate. We

With a similar aim in mind, researchers have labeled a series of demonstrate receptor specificity and long-lasting tumor accumulation
monomeric and dimeric cyclic arginine-glycine-aspartic acid (RGD) of this fluorescent probe in human primary tumor cells in mouse

xenografts.
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"(St. Louis, MO). Chlonlahlx HB microplates were obtained from Dynex noise floor was above gray value zero. There was no autofluorescence in
Technologies (Chantilly, VA). PMT2 (Cy5.5 channel).

Synthesis and Characterization of' RGD-Cy5.5. Cyclic RGD peptide in vivo Optical Imaging System. In rivo fluorescence imaging was per-
Jc(RGDyK: 3 m_, 4.84 F.moll dissolved in I mL of 0. 1 mol/L sodinm borate formed with a prototype Xenogen IVIS three-dimensional small-aninal in vivo

(Na2 t?,O1 ) buffer (pH = 8.3) was mixed with Cy5.5-NHS (5.6 ms, 5 remol) in imaging system (Xenogen, Alameda, CA), with both biohlmincscCnee and

1120 (I ml-) in the dark at 4"C. After stirring overnight in the dark at 4'C, we fluorescence capabilities. The Xeniogen instrument is a temperature-controlled,

quenched the reaction by adding 200 AL. of 5% acetic acid (HOAc). The light-tight box with a cryogenically cooled back-illuminated digital charge-
purification of the crude product was carried out on a semipreparative re- coupled device (CCD) camera, and anesthesia inlet and nose cone and gas
versed-phase high-perfomiance liquid chromatography (HPLCI system (Wa- outlet. For fluorescence a 150-W tungsten-halogen lamp is Lised with a light

ters 515 chromatography system with a 486 tunable absorhance detector). guide to a six-position excitation filter wheel. A second filter wheel, with large

Version 7.2.1 Labtech Notebook/XE software (Andover, MA) was used to aperture to accommodate the camera, has six emission positions. Images and

record chromatograms. Purification was performed on a Vydac protein and measurements of fluorescent signals were acquired and analyzed with Living

peptide column 21 STP510 (5 rni, 250 X 10 mit). The flow was 5 niLit/minute, Image software. An optimized Cy5.5 filter set was tsed for acquiring RGID-

with the mobile phase starting from 95% solvent A (0. 1 % trifluoroacetic acid Cy5.5 fluorescence in rivo. Identical illuamhiation settings (lamp voltage,

in water) and 5% solvent B (0.1% trifluoroacetic acid in aeetonitrile; ( to 2 filters) were used for all inages, and fluorescence emission was normia lized to

rninutes) to 35% solvent A and 65% solvent B at 32 minutes. The analytic photons per second per centimeter squared per steradian qp/s/cn
2

/sr), as is

HP.C method was performed with the same gradient system but with a Vydac common in bioluminescence imaging. Mice were given injections via tail vein

218TP54 column (5 .m, 250 X 4.6 mm) and flow was I mL/minute. The with different amonunts of RGD-Cy5.5 (0.1 to 3 nmol) and were anesthetized

absorbance was monitored at 218 nm. The peak containing the RGI)-Cy5.5 with 2 to 3% isoliurane (Abbott Laboratories) before they were placed in the

conjutgate was collected, lyophilized, redissolved in saline at a concentration of Xenogen and imaged at various time points postinjeetion with a sampling of

I mg/niL, and stored in the dark at -80'C until use. multiple angles while remaining sedated. A mouse that received an injection of

Solid-Phase Receptor Binding Assay. The standard assay was carried Out 0.5 nmol of RGD-Cv5.5 was euthanized at 4 hours postinjection, the tutnor and

ais described previously with modifications (26). Microtiter-2 96-well plates major tissue and organs were dissected, and fluorescence image was obtained.

were coated with 100 ML-per-well integrin r(,33 (500 ng/mL) in coating buffer Data Processing and Statistics. All of the data are given as means ± SD

125 iimnol/L Tris-HCI (pit 7.4). 150 mmol/l., NaCI. I mmol/L CaCI, 0.5 of n independent nieasurements. Statistical analysis was performed with a

inmol/L MgCI. and I mitol/L MnCI,] for 16 hours at 4C., and the wells wvere Studentfs t test. Statistical significance wvas assigned for P salues < 0.05. For

blocked for 2 hours with 200 AL blocking buffer (coating buffer in the determining tumor contrast, mean fluorescence intensities and mean fluores-

presence of 1% radioimmunoassay grade bovine serum albumin). The plate cenee intensities of the tumor (T) area at the right shoulder of the animal and

was washed twice with binding buffer (coating buffer in the presence of 0.1% of the conresponding area [norial tissue (N)] at the left shoulder were ealcu-
bovine serum albumin) and then was incubated with 1'

2-1-labeled echistatin lated by the region-of-interest function of Living Image software (Xenogen!
(0,06 nmol/L) in the presence of different concentrations of RGD peptide (0.1 integrated with Igor (Wavemetrics. Lake Oswego, OR). Dividing T by N

nntol/L to 5 mIil/UL) at room temperature for 3 hours. After incubation, the yielded the contrast between tumor tissue and normal tissue.

plate was washed three times with binding buffer, and the radioactivity was
solubilized with 2 mol/L boiling NaOH and was subjected to gamma-counting RESULTS

(Packard, Meriden, CT). Nonspecific binding of 1
2 5

1-labeled echistatin to rJ3,

was determined in the presence of 100 nmol/L echistatin. The IC,,, values were Synthesis and Characterization of RGD-Cy5.5. The schematic
calculated by nonlinear regression analysis with the GraphPad Prism comput- miolecule structure of c(RGDyK)-Cy5.5 conjugate (RGD-Cv5.5) is

er-fitting program (GraphPad Software, Inc., San Diego. CA). Each data point shown in Fig. 1. The NHS ester of the NIR fluorophore Cy5.5 is

is a result of the average of triplicate wells, reacted with the E-amino group of the lysine residue and purified by
Cell Lines. Human glioblastomna cell line U87MG was obtained from semipreparative HPLC. The absorption and fluorescence emission

American Type Culture Collection (Manassas, VA) and was maintained at chireratixe HPLC. T onj and fures cn ce efntsto
37°C in a humidified atmosphere containing 5% CO., in Iscove's modified
Dulbecco's medium and 5% fetal bovine serum (Life Technologies, Inc., Cy5.5, as apparent frotn the spectra measured in H20,. except that the

Grand island, NY). Primary human brain capillary endothelial cells (HBCECs) emission maximum slightly blue shifted from 694 nun (Cy5.5-NIIS

were isolated, characterized, and grown in RPMI 1640 with 10% fetal bovine ester) to 690 nm (RGD-Cy5.5 conjugate). The yield of RGD-Cy5.5

serum in 5% CO 2 at 37°C. conjugate was typically 70 to 75% as calculated with
Tumor Xenogratts. Animal procedures were performed according to a 6678 ,. = 250,000 (mol/L)- crnu1. The retention time on analytical

protocol approved by the University of Southern California Institutional An- HPLC was 16.6 minutes. Matrix-assisted laser desorption/ionization-
inIal Care and Use Committee. Female athyiuic nude mice (0m), obtained time-of-flight mass spectromietry (MALDI-TOF MS): mnlz = 1518.4
from Harlan (Indianapolis, IN) at 4 to 6 weeks of age, were given injections for [M + H]f (calculated M,. for C6 sH, 3Ni0 21S4 , 1518.7),
subcutaneously in the right foreleg with 5 X 106 U87MG glioblastoma cells m/z = 1536.4 for [M + Na]+, and m/z = 1556.4 for [M + K]+.
suspended in 100 ML of PBS. When the tumors reached 0.4 to 0.6 cri in
diameter (14-21 days after implant), the tumor-bearing mice were subject to
in tivo imaging studies.

Confocal Microscopy. We used a Leica TCS SPI confocal optics, Ar ion s 03 SO "(488nam), Kr ion (568 nm). and HeNe (633 nm) lasers on aLeica DMlIRBE ,/.".,< 1

microscope stand with HCX PL APO CS 63 X/1.40 NA oil immersion "os - ]
objective lens, pinhole 1.0 Airy units, nominal Z resolution 236 nm, image /%N
(310 X 310-nm pixel size, medium speed, -1 second per scan frame, . .
512 X 512 pixel image format, with 8 frame averaging. For laser confocal 5
microscopy, cells grown on 35-nam MatTek imaging dishes (Cat no. P35G-0- D-yLys H
14-C, Ashland, MA) were washed with PBS and then were incubated at 370C HO./ .N
in the presence of 100 nmol/L RGD-Cy5.5 for I hour. Afterward. cells were rCO-NH

washed in ice-cold PBS and were examined with a TD488/568/633 dichroic O HN' ̀ r=O HN NO Ht RGD-CyS.5

beam splitter, simultaneous 488-nm excitation and photomultiplier tube-I i'ýý NH o'l 'N"•Nf-12
(PMITI) 522-to-578 nm emission for autofluorescence. 633-nm excitation, and Asp )-..NH NH Arg
PMT2 685-to-765 inl emission for RGD-Cy5.5 and both lasers for (noncon- 0
focal) bright-field transmitted light. PMTI and 2 were operated at high gain Gly

(1167 and 1054 V, respectively) and were offset adjusted such that the no-light Fig. I. Schematic structure of the RGD-Cy5.5 conjugate.
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, 100- In vivo Fluorescence Imaging with RGD-Cy5.5. Figure 4A
A shows typical NIR fluorescence images of athymic nude mice bearing

80 subcutaneous U87MG glioblastoma tumor after intravenous injection

S60 immediately after injection, and the subcutaneous U87MG tumor
could be clearly delineated from the surrounding background tissue

"40 from 30 minutes to 24 hours postinjection with maximum contrast
C x occurring --4 hours postinjeclion. Significantly, the amount of fluo-
0 20 rescence was still detectable in the tumor at 48 hours after contrast

S o- X injection (data not shown). The fluorescence intensities defined as
-11 -10 -9 -8 -7 -6 -5 photons per second per centimeter squared petr steradian (p/s/cm2/sr)

log [mol/L] in the tumor and the normal tissues as a function of time are depicted
in Fig. 5. The ttumor uptake reached a maximum at 2 hours postin-

Fig. 2. Competition of specific binding of >l-labeled echistatin with unlabeled and washed out over time. On the other hand, normal
echistatin (E), c(RGDyK) (,A). and c(RGDyK)-Cy5.5 I x) to purified ,Jij inlego n ass

determined with the solid-phase receptor assay. All of the points were done in triplicate, tissue had rapid uptake and relatively rapid clearance. The dose
Cy5.5 conjugation did no[ significantly decrease the receptor binding affinity of the dependence of turmor-to-normlal tissue contrast was also measured
residling fklorescent cyclic RGD peptide. (Fig. 5). Substantial difference in tumor contrast was observed from

30 minutes to 4 hours postinjection The mice that were given injec-

Receptor Binding Studies. To determine whether Cy5.5 conjuga- tions of 3-rmol fluorescent probe had the lowest tumor contrast,
tion had any effect on (-vlfd integrin receptor binding characteristics of whereas those with the 0.5-nmol probe had the highest tumor contrast.
the cyclic RGD peptide c(RGDyK), we measured the C1a75 values of The mice injected with the 0. 1-nmol probe had intermediate contrast.
the RGD peptide analogues in competitive-type experiments. Binding The difference diminished at the 24-hour time point. The tumor
of cold echistatin, c(RGDyK), and RGD-Cy5.5 competed with 1251- contrast was significantly higher at 60' than at 0' for both control and
labeled echistatin in a concentration-dependent manner (Fig. 2). Mod- block animals.
ification of the RGD peptide with Cy5.5 somewhat decreased its To validate the specificity of the targeting process, we performed a
receptor binding avidity, with the ICo values for c(RGDyK) and blocking experiment. The control mice were each given injections of
RGD-Cy5.5 being 37.5 ±: 3.4 nmol/L and 58.! 1 5.6 nmol/L. respec- 0.5 nmol of RGD-Cy5.5, and those as in the blocking experiment were
tively. each given coinjections of 0.5 nmol of RGD-Cy5.5 and 10 mg/kg

To demonstrate that the RGD-Cy5.5 conjugate can act as a specific unlabeled RGD peptide (--300 nmol). Tumor-to-normal tissue ratios
ligand for aJf3 integrin receptor, the binding and subcellular local- at different viewing anoles (00, 45', and 60') were measured (Table 1)
ization of cyanine dye-labeled RGD peptide were incubated with and typical NIR fluorescence images of U87MG-tumor-bearing mice
UJ87MG tumor cells and HBCECs that are known to overexpress U'3A mounted at 60" are shown in Fig. 4B (left, control; right, block).
integrin. Negligible signals were detected in both cell lines when cells Unlabeled RGD peptide successfully reduced tumor contrast from
were incubated with Cy5.5 dye (data not shown). Receptor-medi'ated 3.34 ± 0.38 to 1.43 -_ 0.34 (Table 1). Furthermore, ex vivo evaluation
endocytosis of the RGD-Cy5.5 conjugate was observed by confocal of excised organs at 4 hours postinjection (Fig. 4C) showed that the
laser-scanning microscopy in both cell types (Fig. 3A, C and F, H/). compound was predominantly taken up by the U87MG tumor, with
Binding of RGD-Cy5.5 to both cell types was completely blocked by both tumor fluorescence intensity and contrast significantly higher
coincubation of the conjugate and c(RGDyK; I p.mol/L; Fig. 3D, 1). than those obtained from in vivo imaging (P < 0.0001).

Fig. 3. Specific hinding and endocytosis of the Cvy5.5-ltbeled cyclic ROD peptide c(RG~tyK). Coufocat laser-scanning microscopy images of U87MG human gliobtasloma (Al-El
aud tttBCECs (F-.I) uincbated for 1 hour at 37TC in the presence of t00 nmo!/L RGD-Cy5.5 with 1/.l-F. I-I) or without (At-C. F-li) blocking dose of uonfluorescentt RGtD peptide
c(RGt~yKu. It) frmtl/L. A. F: NIR fluorescence imnages of U8l7MGO (A) and HB3CE~s (F): B, G, direct visualication of U57MG (B) and ItBCEiCs (Gl: C. ttf, meiged images of A/B and
F/C, respectively. D, I, complete blocking of NIR fluoreseencte of both U8S7MGi cells (I)t and HB3CECs (I), demonstrating the high ojt3 . intngriu specificity of the conjugate. E. J, direct
visualization of U87MG0 (E) and ilBCECs (J) tttder blocking condition.
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Fig. 4. A, int 'tO flUorescence imaging of sub-
cutaneous tUl7MG gliohiastorna tttntor-beairing e
athy'nic nu~de Mtice after inltraVeIous inljeciOn Of
R013)-Cy5.5 co rtjuee Dy-labeled RGt) peptide

wats .td:1nij stered at a dose of 3 nmol/mouse via a A
lateral tail vein. All NIR fluorescence images wr
acqutiredl with tt 12(-second exposure timue 07 I I1 4 i
stop = 4) a~t i10 and 30 minutes (inila and at 1, 2.
4, and 24 hours (h) and] ate normalizedi to the
10-mirnue l1 I0 ni) dor~al imag~e. brrow. the po-A:
sition of the tunior. Fluorescence sigenal front1 10min 30min I h 2 h 4 h 24 h
Cy5.a was pseudll-colored red. B, represents i se
NIR imiages (60"' uounting angle) of nlitce bearing
sublcutaneous U87MGi turnor onf tile right shotilder
ttclilllstratillg blollkillC lt RGDt) 5. (0.SII iniuls -7

;lpltake ill tle tul tillrs by elin~jectirln wvith c(RG-

t)ytK , 10 lllg/kg. Pseuldo-color fluosrescence inl-K
agecs oIll it inlr-heari ng m ice were acc u 

1l
11 

rd 4 liotsl Cs

after i ntravenous intjection of Ri, 13Cv5.5 (1cft EF t- 5
per'illli'ltl or RE;I3-Cv5.5 +RGt) (r0hl /1 Wll k. C1
replseselttatis'c images o~f dissected organs of a -t
mullse htearinup Ull7tvt (uit llr sacrIilie 4. 110111111h
after intravenotim inljection IllR(,i) ( s 95 at a Ilto,, .

III 0.5 nlilol equivalent C'y5.5/mlnotsc. 1. Ult7lTttl
tiliolr: 2. itislt~ee: 3, pallrreiv,; 4, liver: 5. kidney: 6.
silleen: 7. hnag. Experiment Stock

BC

DISCUSSION Table I Tulllrlr-to-nornlal tissle-lio (if1.10 3 /lolls polstinelionCil~ q/ con~trol ((0.5 innoll

RGDg)C1 5. i) anif( block (0.5 ilnlnrl RG)-( 15.5 4 00 ninllrI RGL)l llilc all eliff('irll

The emergence of molecular imaging. as a result Of unprecedented mtilIllinganles(1111

advances in mnolecular and cell biology and the availability of a cohort of' Mounting angle 11Conltrol Bltock

molecuilar probes that lare highly iarget specific, as well as the successful 11 2.13 ± 0.28 (0.85 ± 0.17
development of' smnall-atuimal imagitng instrtmentation, allows toiotnva- 45 3.02) ± 0.45 1.3.3 ± 11.26

601 3.34±0.38 1.43 ±0.34sive visualization of molecular evenits within living Sutbjects. This emner- NT.Tedt r eoe t en_ýS )gence thits bridges the divide between the established findings from NT.Tl aaaedntda en S l )

A BE8 82- umo in tvitro and cell culture assays and the clinical settings for- disease
2 ~~~~~interventions (27, 28). Molecular imiagin la it rointclerme-

.~ 62~8cine, which focuses on the management of patients through the utse of
injected radiotracers in conjunction with imaging technologies such as
PET and SPECT (29). The underlying principle can now be tailored to

22. other imaging modalities such as optical imaging (30).
0 Up-regulation of cy, integrins (ap and aum.139) in tumnor cells and

It 02+0 tumor vascttlatitre, relative to normal surrounding tissues, permits the
0 4 8 12 16 20 24 preferential delivery Of Suitably labeled integrin antagonists to the

Time after injection (h) receptor-positive tutmors. Previous Studies with radiolabeled cyclic
RGD peptides demonstrated the site-specific localization of the trac-

B 3.5- -- 3n ers tn the appropriate receptor-positive tumnor cells and tumor vessels
-.0 5 nmoi (14-19). Finding of these studies also showed a good correlation

E 3- ~0. 1 nmlrfo between the magnitude of tumnor uptake and receptor expression
levels. In our study, we described the selective retention of NIR dye

0 2.5 -Cy5.5-cottju gated RGD peptide in tumnors in vito. Conjugation of
E Cy5.5 to RGD peptide did not have significant effect on the optical

2 -properties of Cy5.5 nor on the receptor binding affinity and specificity
2 of the RGD peptide. Our optical imaging method now allows re-

C 1.5 0 searchers to confirm the results of the radionucleotide studies with a
Q I complementary method.

0 O 2 1 * 4ptical imaging strategies come from the recent development of
o 4 12 16 2 24targeted bioluminescence probes, fluorescent proteins, and exogenous

time after Injection (h) fluorescent probes. The very sensitive, cryogenically cooled CCD
Fig. 5. A. quantification and kinetics of ill vivo targetinlg character of RGD-Cy5.5 camera allows for acquiring a fluorescence image sutperimposed on a

conjtugatte. Fluorescence intensity was recordied as photonts per second per centimteter ga-calephtga icmgeotesalan alwhovryadsqnare(] per seain(ptv/rul2
/sr). Tumor fluolrescentce washout wssltwer thnthat phtgahciaeiftesalaialwtnvra n

the nolrmlal tissue. B, dose-dlepetldent tumnor contrast (omror-to-nonnal tissvte ratio) its a imaging analysis software. Although the Xenogen imaging systemn is
fttnctionl of timlefhllur (h)1 after atdministration: 0, 3 into): M, 0.5 111110: A, . 1I Ilmot. Tile sensitive enough to visutalize the mice and delineate the tumnor from
tuntor conltrast with littermediate dose (11.5 111111) wsva signlificantly hlighler than fo~r that
with hotht high dolse (3 nitoltI anti low dose ((0.1 umot) at all time points examined. [E background when as low as 0. 1 nmnol of dye-coupled RGD peptide
power (ntumtber, 10).] was administered, the tumor contrast [fluorescence intensities of the
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tumor (T) to those of normal tissue (N)j was significantly lower than brightness) with tumor receptor density distribution by immunohisto-
that obtained by applying 0.5 nmol dye molecules (P < 0.001). The chemistry and/or Western blotting are needed to validate the feasibil-
low T-to-N ratio at very "low dose" may be attributed to thie inter- ity of noninvasive optical imaging to visualize a,-integrin expression
ference of relatively high background fluorescence and Rayleigh and level in vivo.
Raman scattering (31). It is not surprising that "high dose" (3 nmol) Direct image of dissected tissues and organs revealed very good
administration of fluorescent probe had tile lowest tumor contrast at tumor-to-nontumor tissue ratios (Fig. 4C). The tumor-to-muscle ratio
all of the time points examined. It is possible that partial self- was almost twice as much as that observed from in vivo imaging at the
inhibition of receptor-specific uptake in U87MG tumor had occurred same time point, simply because of more effective fluorescence de-
during the imaging studies at such a high dose. The similar phenom- tection without the interference from the skin. However, the quanti-
enon was also observed in receptor-targeted radionuclide imaging fication of ex vivo imaging of excised organs and tissues may not be
(32). It is also noticeable that tumor fluorescence intensity and tumor a true reflection of tissue distribution of the RGD-Cy5.5 conjugate.
contrast had significant difference at different mouse viewing angles. The uptake in the liver and kidneys may be underestimated if the
NIRZ fluorescence intensity is known to be a function of optical tracer was partially degraded and not detectable by tile CCD camera
path-length between excitation light and target (33). The uneven because of the loss of fluorescence of the metabolites. Double labeling
character of the mouse and tumor surfaces as well as differences in ofRGD peptide with Cy5.5 and 1251, and analyzing the biodistribution
skin thickness may also be responsible for different tumor contrast at of this construct under the same conditions to correlate the fluores-
different viewing angles. cence quantification and tissue activity accumulation of the conjugate,

Because of the limited tissue penetration ability of Cy5.5 dye, we are required to confirm the ex vivo results.
are successful only in detecting the subcutaneous tumors; tile same In conclusion, our study successfully used the RGD peptide-ca,3.
probe was unable to noninvasively visualize orthotopic U87MG glio- integrin system to inlroduce a highly sensitive and semicluantitative
blastoma implanted in the mouse forebrain although the dissected NIR fluorescence imaging technique for tumor detection in preclinical
tissue indicated tunor-specific uptake of the fluorescent probe (data animal models. To outr knowledge, this is the first example of nonin-
not shown). NIR fluorescence imaging probes that emit at longer vasive imaging of inlegrin expression with optical modality. This
wavelength, with considerably lower autofluorescence, lower tissue approach provides the opportunity for rapid and cost-effective struc-
scattering, and more photon penetration into living tissue (34) may be ture-activity studies to screen newly developed probes, before tile
desirable for intracranial lesion detection. Likewise, fluorescent imi- more costly radionuclide-based imaging studies. A noninvasive im-
purities are significantly reduced with longer excitation and detection aging paradigm to image angiogenesis could provide a significant
wavelength. Significantly less tumor contrast measured by noninvt- benefit to patient segmentalion with cancer as well as with cardiovas-
sive in vivo imaging (Fig. 4A) was observed than that directly ineas- cular disease. Further development of more potent oivp integrin
ured by imaging the dissected tissues (Fig. 4C). Zaheer et al. (33) antagonists for labeling Cy5.5 and other red-absorbing fluorescent
compared the osteoblastic activity; imaging with and without skin dyes are now in progress for better tumor targeting and visualization
resulted in an intensity attenuation of 44%. This may be attributed to of deep-lying tissues. The use of a time-domain optical imaging
the loss of excitation and emission light density by penetrating the platform (e.g., low-intensity pulsed laser source), instead of continu-
skin in addition to the scatter caused by the skin. It is expected that an ous wave technique (e.g., tungsten light source), to obtain tomo-
NIR dye with longer excitation and emission wavelengths and an graphic (three-dimensional) images and to subtract autofluorescence
appropriate filter set will reduce the interference from the background background based on their different fluorescence life time is also
and. thus, improve the tumor contrast and attain deeper penetration for being explored.
visualization of deep-lying tumors and organs. The use of an optical
coupling medium and/or tomographic imaging (35) may also be
helpful to minimize the effects of skin scattering. ACKNOWLEDGMENTS
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Abstract
A series of radiolabeled cyclic arginine-glycine- patients with the earliest surgical stage (TtNo) have dissemi-
aspartic acid (RGD) peptide ligands for cell adhesion nated disease between 15% and 30% of the time [3]. Chemo-
molecule integrin o"- 3-targeted tumor angiogenesis therapy, surgery, and radiation therapy have been shown to
targeting are being developed in our laboratory. In this control symptoms and improve quality of life; there remains no
study, this effort continues by applying a positron standard optimal therapy regimen for NSCLC [4]. The mecha-
emitter 64Cu-labeled PEGylated dimeric RGD peptide nisms of resistance to drug and radiation therapy are poorly
radiotracer 64Cu-DOTA-PEG-E[c(RGDyK)] 2 for lung can- understood [5]. Despite significant progress, the molecular
cer imaging. The PEGylated RGD peptide indicated events underlying the development of lung cancer are largely
integrin o0v.3 3 avidity, but the PEGylation reduced the unknown. No drug has been found useful in the prevention of
receptor binding affinity of this ligand compared to the lung cancer [6]. Although there are proven means of early
unmodified RGD dimer. The radiotracer revealed rapid diagnosis available for lung cancer, whether these techniques
blood clearance and predominant renal clearance are effective in terms of improving patient survival or outcome
route. The minimum nonspecific activity accumulation remains unknown [7].
in normal lung tissue and heart rendered high-quality Lung cancer diagnosis based on histopathology requires
orthotopic lung cancer tumor images, enabling clear fine-needle biopsy, bronchoscopy, or open-lung biopsy to
demarcation of both the primary tumor at the upper differentiate benign from malignant lesions, before and
lobe of the left lung, as well as metastases in the me- often after surgical resection or radiation therapy of the primary
diastinum, contralateral lung, and diaphragm. As a com- tumor lesions. Bronchoscopy, including bronchial washings
parison, fluorodeoxyglucose (FDG) scans on the same and brushing, has a sensitivity of 65% for malignancy, and
mice were only able to identify the primary tumor, transbronchial biopsy increases the sensitivity to 80% for
with the metastatic lesions masked by intense cardiac lesions that are accessible. Pneumothorax and associated
uptake and high lung background. 64Cu-DOTA-PEG- morbidity can occur following these invasive procedures. Con-
E[c(RGDyK)]2 is an excellent positron emission tomo- ventional anatomic imaging techniques such as chest X-ray,
graphy (PET) tracer for integrin-positive tumor imaging. computed tomography (CT) scans, bone scans, or magnetic
Further studies to improve the receptor binding affinity resonance imaging (MRI) can neither accurately stage the
of the tracer and subsequently to increase the magni- disease when metastases occurs without anatomic change,
tude of tumor uptake without comprising the favorable nor differentiate between malignant and nonmalignant tumors.
in vivo kinetics are currently in progress. Fluorodeoxyglucose positron emission tomography (FDG-
Neoplasia (2005) 7, 271-279 PET) imaging, which visualizes glucose utilization by lung

cancer cells, is increasingly used for the management of
Keywords: Positron emission tomography (PET); integrin aB3f: dimeric RED peptide; patient s it l nce r, eseciall the with CL

lung cancer: metastasis. patients with lung cancer, especially those with NSCLC.
FDG-PET quantifies a specific cellular process, namely, phos-
phorylation of 2-deoxyglucose by hexokinase. The technique

Introduction
Lung cancer is the leading cause of cancer death for both Abbreviations: RGD, arginlne-glycine--aspartic acid; PET. positron emission tomography;

NSCLC, non small cell lung cancer; DOTA, 1,4,7,10-tetraazacyclododecane-JN,W,',N"-
men and women, killing more people than breast, prostate, tetraacetic acid; PEG, poly(ethylene glycol)
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provides highly sensitive and specific data for the diagnosis, We first coupled monomeric RGD peptide c(RGDyK) with
staging, and restaging of NSCLC, without the need for a the macrocyclic chelator, 1,4,7,10-tetraazacyclododecane-
biopsy, and is now well accepted by most physicians as an N,N'N",N"'-tetraacetic acid (DOTA), and labeled the RGD-
effective complement to existing imaging modalities [8-10]. DOTA conjugate with 64Cu for tumor targeting. The
FDG-PET may also evolve as a predictor of response after radiotracer showed intermediate tumor uptake but also high
local or systemic treatment [11]. retention in liver and kidney [23]. Introduction of a bifunctional

Although assessment of tissue metabolism using the poly(ethylene glycol) (PEG; Mw = 3,400) moiety between
tracer FDG provides useful imaging of lung neoplasms, it DOTA and RGD led to significantly improved in vivo kinetics
is relatively nonspecific and is usually less useful for imaging of the resulting radiotracer 64Cu-DOTA-PEG-RGD corn-
tumors that have very low growth rates, or as a guide for pared to that of 64Cu-DOTA-RGD [25]. We also observed
delivery of specific molecular therapy. The development of that a dimeric RGD peptide E[c(RGDyK]2 with higher integrin
tracers that target specific molecular or genetic abnormali- binding affinity, when conjugated with DOTA and labeled
ties, which are the basis of lung cancer, is therefore essential with 64Cu, yielded almost twice as much uptake in tumors, as
for the development and utility of clinically relevant PET well as significantly increased renal activity accumulation
procedures that can be use to assess the efficacy of thera- compared to the monomeric analogue [27]. In this study, we
peutic drugs designed to treat those abnormalities. The sought to extend this effort by examining integrin expression
goals are: to allow early detection and characterization of in lung cancer using noninvasive PET imaging and a novel
the disease, to provide more timely and direct assessments radiotracer-- 64Cu-labeled PEGylated dimeric RGD peptide
of treatment effects, and to obtain more fundamental under- 64Cu-DOTA-PEG-E[c(RGDyK)] 2 (Figure 1).
standing of the disease process. The rapidly expanding
knowledge of the molecular pathogenesis of lung cancer
indicates that respiratory epithelial cells require many ge- Materials and Methods
netic alterations to become invasive, leading to metastatic
cancer. In addition, most solid tumors are angiogenesis- Materials and Analyses
dependent [12]. Antiangiogenic therapy has been shown to DOTA was purchased from Macrocyclics, Inc. (Dallas, TX).
prevent tumor growth and even to cause tumor regression in N-hydroxysulfonosuccinimide (SNHS), 1-ethyl-3-[3-(dime-
various tumor models including lung cancer [13]. NSCLC thylamino)propyl]carbodiimide (EDC), and Chelex 100
growth, angiogenesis, invasion, and metastases to specific (50-100 mesh) were obtained from Aldrich (St. Louis,
organs are dependent on an orchestrated series of events MO). Heterofunctional PEG (Mw 3400), t-Boc-NH-PEG-
that include: cellular transformation; establishment of a CO 2NHS, was obtained from Nektar, Inc. (San Carlos, CA).
proangiogenic environment; tumor cell proliferation, inva- Cyclic RGD peptide c(RGDyK) was synthesized through
sion, and entry into the circulation; and tumor cell trafficking solution cyclization of the fully protected linear pentapep-
and metastatic tumor growth in specific organs [14]. Cell tide, H-Gly-Asp(OtBu)-D-Tyr(OtBu)-Lys(Boc)-Arg(Pbf)-OH,
adhesion receptors of the integrin family, which are respon- followed by TFA deprotection [22-24]. Dimeric RGD peptide
sible for a wide range of cell-extracellular matrix (ECM) and E[c(RGDyK)] 2 was prepared by coupling Boc-Glu-OH
cell-cell interactions, have been well studied in many tumor with two equivalents of monomeric RGD peptide c(RGDyK)
types including brain, breast, skin, and ovarian tumors. followed by TFA cleavage [26,27]. Radio-thin layer chroma-
However, little is known regarding the function of integrins tography (TLC) was performed using MKC18F plates (What-
in lung cancer growth and metastasis [15]. man, Clifton, NJ), a Bioscan system 200, and Winscan

Due to its high expression on tumor vasculature and (Washington, DC) software, version 2.2. Reversed-phase
tumor cells compared to resting endothelial cells and normal extraction C-18 SepPak cartridges were obtained from
tissues, Qrv133 integrin is an excellent target for integrin- Waters (Milford, MA). 64Cu was produced on a CS-15
targeted interventions [16,17]. It has been shown that biomedical cyclotron at THE Washington University School
9xV0}3 integrin antagonists, such as monoclonal antibodies, of Medicine by the 64Ni(p,n)64Cu nuclear reaction [37].
arginine-glycine-aspartic acid (RGD) peptides, and small Chromalux HB microplates were obtained from Dynex Tech-
molecules, block angiogenesis and tumor growth by selec- nologies (Chantilly, VA). [125 1]echistatin labeled by the lacto-
tively promoting apoptosis of vascular endothelial cells peroxidase method to a specific activity of 2000 Ci/mmol was
[16-18]. The development of noninvasive methods to visu- from Amersham Biosciences (Piscataway, NJ). Echistatin
alize and quantify cxv integrin expression in vivo appears to be was purchased from Sigma (St. Louis, MO).
crucial for the success of antiangiogenic therapy based on Semipreparative reversed-phase high-performance liquid
integrin antagonism [17,19]. A number of molecular probes chromatography (HPLC) was accomplished on a Waters
have been developed for MRI [20,21], PET [22-30], single- 515 chromatography system with a 486 tunable absorbance
photon computed tomography (SPECT) [31 -35], and ultra- detector. Version 7.2.1 Labtech Notebook/XE software
sound [36] imaging applications. (Andover, MA) was used to record chromatograms. Puri-

64Cu-labeled RGD peptides are of particular interest fication was performed on a Vydac protein and peptide
because 64Cu [t112 = 12.8 h; 40% 0- (656 keV); 19% [3+ column 218TP510 (5 lim, 250 x 10 mm). The flow was
(600 keV); 38% EC] is an attractive radionuclide for both 5 ml/min, with the mobile phase starting from 95% solvent
PET imaging and targeted radiotherapy of cancer [37]. A (0.1% TFA in water) and 5% solvent B (0.1% TFA in
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Figure 1. Schematic structure of DOTA-PEG-E[c(RGDyK)]2. Heterobifunctional PEG (Mw. = 3400) links to DOTA carboxylate group through the N-terminus and to
the glutamate amino group of the dimeric RGD peptide through the C-terminus.

acetonitrile) (0-2 min) to 35% solvent A and 65% solvent B OSSu reaction mixture (20 [imol; calculated based on SNHS)
at 32 minutes. The analytical HPLC method was performed and the pH was adjusted to 8.5 with 1 N NaOH. The reaction
with the same gradient system, but with a Vydac 218TP54 was allowed to incubate overnight at 4'C. The DOTA-PEG-
column (5 lrm, 250 x 4.6 mm) and flow of 1 ml/min. UV E[c(RGDyK)]2 conjugate was purified by semipreparative
absorbance was monitored at 218 nm. HPLC and characterized by analytical HPLC and matrix-

assisted laser desorption/ionization time-of-flight mass spec-
Chemistty and Radiochemistry troscopy (MALDI-TOF MS). Yield: 6.5 mg (ca. 60%). The
t-Boc-NH-PEG-E[c(RGDyK)]2 conjugate t-Boc-protected peak containing the RGD conjugate was collected, lyophi-
PEG succinimidyl ester (t-Boc-NH-PEG-CO 2 NHS, Mw = lized, and dissolved in H 2 0 at a concentration of 1 mg/mI for
3400), 30 mg (ca. 8.8 plmol), dissolved in acetonitrile (2 ml); use in radiolabeling reactions.
E[c(RGDyK)]2, 16 mg (ca. 11.8 imol), dissolved in water
(2 ml); and 0.2 M Na 2B4 0 7 buffer (pH = 8.3), 2 ml, were 64 Cu radiolabeling 64CuC12 (5 mCi, decay-corrected)
mixed together and incubated overnight at 4oC. The reaction was diluted with 400 l,,1 of 0.1 N NaOAc (pH 5.5) and then
was quenched by adding 5% HOAc (0.5 ml) and the entire added to DOTA-PEG-E[c(RGDyK)] 2 (25 [tg). The reaction
mixture was then subjected to several semipreparative mixture was incubated at 50'C for 50 minutes and then
HPLC purifications. Removal of the mobile phase gave the terminated by adding 5 ii of 10 mM EDTA solution. Radio-
product as a lyophilized solid. Yield: 30 mg (ca. 70% based chemical yield was determined by radio-TLC using Whatman
on PEG). MKC18F TLC plates as the stationary phase and 70:30

MeOH:10% NaOAc as the eluent. 64Cu-DOTA-PEG-E
NH2-PEG-E[c(RGDyK)]2 Twenty milligrams of t-Boc-NH- [c(RGDyK)]2 was purified on a C-1 8 SepPak cartridge, using
PEG-E[c(RGDyK)] 2 conjugate was dissolved in 2 ml of 85% ethanol as the elution solvent. Radiochemical purity
95% TFA and allowed to stand at room temperature for 2 h. (RCP) was determined by radio-TLC or radio-HPLC. The
Most of the TFA was then removed by rotary evaporator ethanol was evaporated, and the activity was reconstituted in
(equipped with a C0 2/acetone cold finger, oil pump, and acid phosphate-buffered saline and passed through a 0.22-1tm
trap). The residue was triturated with ice-cold ether (10 ml) Millipore (Billerica, MA) filter into a sterile multidose vial for
to precipitate the crude peptide. Semipreparative HPLC use in animal experiments.
purification followed by lyophilization gave the unprotected
RGD-PEG conjugate. Yield: 15 mg (ca. 75%). Receptor Binding Assay

Affinity of echistatin and RGD peptides for av033 integrin on
DOTA-PEG-E[c(RGDyK)]2 DOTA was activated in situ by the surface of NSCLC NCI-H1975 cells was determined by
EDC with a DOTA:EDC:SNHS molar ratio of 10:5:4 [23]. competitive binding experiments using 1251-labeled echistatin
NH2-PEG-E[c(RGDyK)] 2 (10 mg, ca. 2.1 Itmol) dissolved in as a radioligand as described in the literature, with modifica-
2 ml of water was cooled to 40C and added to the DOTA- tions [38]. In brief, NCI-H1975 cells were harvested, washed
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twice with PBS, and resuspended (2 x 106 cells/ml) in per gram (% ID/g) was calculated by comparison with stan-
binding buffer (20 mM Tris, pH 7.4, 150 mM NaCI, 2 mM dards representing the injected dose per animal. Values are
CaCI2, 1 mM MgCI2, 1 mM MnCI 2, and 0.1% BSA). Ninety- quoted as mean ± standard deviation (SD). To compare the
six-well multiscreen DV plates (filter pore size: 0.65 pm; in vivo kinetics of 64 Cu-DOTA-PEG-E[c(RGDyK)] 2 and 64Cu-

Millipore) were incubated with [125 1]echistatin (50,000 cpm/ DOTA-E[c(RGDyK)] 2 , biodistribution studies of both tracers
well) in the presence of increasing concentrations of different were performed in female athymic nude mice at 30-minute,
RGD peptide analogues (0-1000 nM). The total incubation 1-hour, 2-hour, 4-hour, and 24-hour time points (10 tiCi
volume was adjusted to 200 Id. After the cells were incubated activity for each animal; n = 4 per time point).
for 3 hours at room temperature, the plate was filtered
through a multiscreen vacuum manifold and washed twice MicroPET Imaging and WBDA
with cold binding buffer. The hydrophilic PVDF filters were PET imaging was performed on a microPET R4 rodent
collected and the radioactivity was determined using a model scanner (Concorde Microsystems, Inc., Knoxville, TN).
Nal(TI) gamma counter (Packard, Meriden, CT). The best- The scanner has a computer-controlled bed, and 10.8 cm
fit IC50 values for the NCI-H1975 cells were calculated by transaxial and 8 cm axial field of view (FOV). It has no
fitting the data by nonlinear regression using GraphPad septa and operates exclusively in 3D list mode. All raw data
Prism (GraphPad Software, Inc., San Diego, CA). Experi- were first sorted into 3D sinograms followed by maximum a
ments were carried out with triplicate samples. posteriori (MAP) reconstruction based on a Bayesian formu-

lation, which combines accurate modeling of the coincidence
In Vivo Model detection process with statistical priors on the PET images

The University of Southern California Institutional Animal [40]. At 4 weeks postinoculation, orthotopic tumor-bearing
Care and Use Committee approved the animal study de- mice were anesthetized by intraperitoneal injection of ket-
scribed herein. All animals received humane care in compli- amine/xylazine solution, placed in a spread-supine position
ance with the "Guide for the Care and Use of Laboratory on a cardboard slat, and injected with 200 iiCi of [18F]FDG
Animals" published by the National Institutes of Health. into the tail vein at a volume of 150 id. The mice were

Six-week-old severe combined immunodeficient (SCID- scanned for 10 minutes starting from 30 minutes after FDG
bg male mice; Harlan Sprague Dawley, Inc., Indianapolis, IN) injection. The same mice were intravenously injected with
mice were housed in polycarbonate cages (five per cage) in 300 i•Ci of 64Cu-DOTA-PEG-E[c(RGDyK)] 2 and sacrificed at
a room lit for 12 hours each day and maintained at 27°C for 1 hour postinjection by cervical dislocation under ketamine/
2 days prior to injection. Teklad (4%) diet (Harlan Teklad, xylazine anesthesia and placed near the center of the FOV
Madison, WI) and tap water were provided ad libitum. In of the microPET, where the highest image resolution and
preparation for injection, human female lung adenocar- sensitivity are available. The mice were scanned for 20 min-
cinoma cells NCI-H1 975 (American Type Culture Collection, utes followed by whole-body autoradiography, using a
Manassas, VA) were cultured in RPMI 1640 supplemented Packard Cyclone Storage Phosphor Screen system (Down-
with 10% fetal bovine serum (GIBCO, Carlsbad, CA) until ers Grove, IL) and a Bright 5030/WD/MR cryomicrotome
90% confluent. Cells were trypsinized, washed, centrifuged, (Hacker Instruments, Fairfield, NJ) [22]. Regions of interest
and resuspended to a concentration of 2 x 106 cells/30 ItI (ROI) for microPET imaging were drawn over subcutaneous,
in RPMI 1640 (cell passages 35 ± 3). Mice were anesthe- orthotopic, and metastatic tumors on decay-corrected whole-
sized by titrating isoflurane inhalant. A 1-cm axillary incision body coronal images. The counts per pixel per minute ob-
allowed left lung visualization through intercostal muscles tained from the ROls were converted to counts per milliliter
and pleura. NCI-H1 975 cell suspension was injected through per minute by using a system calibration factor obtained from
a 27-gauge needle into the left upper lobe at the fourth scanning a cylinder phantom in the microPET scanner. The
intercostal space under direct visualization. The incision uptake index [ROI (iiCi/ml)/injected dose (ILCi) x 100%]
was closed using 4.0 absorbable suture, and mice were of tissues and organs of interest was compared with the
allowed to recover [39]. Mice were subjected to microPET percent injected dose per gram value obtained from direct
imaging and whole-body digital autoradiography (WBDA) tissue sampling after the microPET imaging. Quantification
studies at 4 weeks after implantation. of autoradiographic images was validated by correlating the

ROls in tissues [as detector light units (DUL)/mm 2] with
Biodistribution direct gamma counter assays of the tissue samples removed

Male SCID-bg mice bearing subcutaneous NCI-H1975 from the frozen block (n = 3). A linear relationship between
tumors (n = 3 per time point) were injected with 64 Cu-DOTA- tissue percent injected dose per gram and autoradiography
PEG-E[c(RGDyK)] 2 (10 [iCi activity in 150 tlI of saline) image intensity was observed, and the conversion factorthus
through the tail vein. The animals were euthanized at 0.5, obtained and used for autoradiography quantification [41].
1, 2, 4, and 24 hours postinjection. The blocking experiment
was performed by coinjecting the radiotracer with a saturat- Statistical Analysis
ing dose of c(RGDyK) (10 mg/kg) and was sacrificed at The data were expressed as mean ± SD. One-way
1 hour postinjection. Following euthanasia, blood, tumor, analysis of variance (ANOVA) was used for statistical
and major organs and tissues were collected, wet-weighed, evaluation. Means were compared using Student's t-test.
and counted in a -y-counter (Packard). Percent injected dose P values < .05 were considered significant.
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Results with cultured NCI-H1975 cells (Figure 3). The binding of
[125 1]echistatin to NCI-H1975 cells was inhibited by various

Preparation of PEGylated Dimeric RGD Conjugate concentrations of echistatin, c(RGDyK), E[c(RGDyK)]2, or

and Radiolabeling DOTA-PEG-E[c(RGDyK)] 2, with IC5o values of 0.54, 44.8,

The synthetic scheme of DOTA-PEG-E[c(RGDyK)] 2 is 11.1, and 84.9 nM, respectively.

shown in Figure 2. The PEGylated conjugate was obtained Comparison of biodistribution data of 64Cu-DOTA-PEG-

by solution synthesis through an active ester protocol in 30% E[c(RGDyK)] 2 and 64Cu-DOTA-E[c(RGDyK)12 in the blood,

overall yield calculated from t-Boc-NH-PEG-CO 2NHS. Each muscle, liver, and kidneys of female athymic nude mice is

intermediate was characterized by analytical HPLC and shown in Figure 4. The PEGylated RGD peptide had similar

molecular weight measurement by MALDI-TOF MS. The blood activity as 64Cu-DOTA-E[c(RGDyK)] 2 at early time

HPLC (under the conditions described in the Materials and points, but displayed a more rapid blood clearance than

Methods section) retention times for E[c(RGDyK)] 2, t-Boc- 64Cu-DOTA-E[c(RGDyK)] 2 after 4 hours postinjection. The

NH-PEG-E[c(RGDyK)] 2 , NH2-PEG-E[c(RGDyK)] 2, and PEGylated RGD dimmer indicated significantly lower activ-

DOTA-PEG-E[c(RGDyK)] 2 were 13.8, 23.7, 21.4, and ity accumulation in the muscle, liver, and kidneys at all

22.8 minutes, respectively. The mass spectrum of PEGylated time points examined (P < .001). Overall, 64Cu-DOTA-

RGD dimer was characterized by broad peaks due to poly- PEG-E[c(RGDyK)] 2 was excreted with a faster rate than

dispersiveness of PEG, with an average PEG size -3400. 64Cu-DOTA-E[c(RGDyK)] 2.
The molecular weight of the final DOTA-PEG-E[c(RGDyK)] 2  In vivo biodistribution studies of 64Cu-DOTA-PEG-

was around 5100, indicating a 1:1:1 molar ratio with respect E[c(RGDyK)] 2 were performed in healthy male SCID-bg

to DOTA, PEG. and E[c(RGDyK)] 2. The 64Cu-DOTA-PEG- mice implanted subcutaneously with human NSCLC

E[c(RGDyK)] 2 was prepared in high specific activity. Typi- tumors grown from NCI-H1975 cells. Table 1 summarizes

cally, 10 itg of peptide was able to bind 1 mCi of 64Cu with results of the biodistribution pattern of 64Cu-DOTA-PEG-

> 95% radiochemical yield after 1 hour of incubation in E[c(RGDyK)] 2 in tumor-bearing SCID mice at 0.5, 1, 2, 4,

NaOAc buffer (pH = 5.5) as determined by radio-TLC. and 24 hours. The PEGylated RGD peptide tracer showed

SepPak separation provided the product with RCP higher rapid blood clearance (0.57 ± 0.19% ID/g at 30 minutes
than 99%. The specific activity was thus calculated to be postinjection and only 0.05 ± 0.01% ID/g at 2 hours post-

around 500 Ci/mmol (decay-corrected). injection). Highest tumor uptake was observed at 1 hour
postinjection (2.64 ± 0.14% ID/g) and some washout was

In Vitro and In Vivo Evaluation observed (1.15 ± 0.07% ID/g at 24 hours postinjection). Due
To characterize U0vrt 3 integrin binding properties of the to the rapid clearance of the radiotracer, good tumor-to-blood

64Cu-labeled PEGylated dimeric RGD peptide, competitive and tumor-to-muscle ratios were achieved after 1 hour

binding assay studies were performed. Maintenance of postinjection. It is also noteworthy to mention that this

binding affinity was shown by competitive binding measure- PEGylated RGD peptide tracer produced a good tumor-to-

ments between [1251]echistatin and the RGD peptide ligands lung ratio because of low lung activity accumulation. The

0

0 0
Io

OiC(-- O O t-Boc-NH-PEG-NHS

0
1 ) E[c(RGDyK)] 2
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Figure 2. Step-by-step synthesis of the PEGylated dimeric RGD peptide tigand, DOTA-PEG-E[c(RGDyK)12 .
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2800. m Echistatin tumor uptake of 64Cu-DOTA-PEG-E[c(RGDyK)] 2 when no
* A

2400- X A C(RGDyK) blocking agent was coinjected.

2000 v • E[c(RGDyK)] 2

E[c(RGDyK)] 2-PEG-DOTA MicroPET and Autoradiography
1600 We used microPET to semiquantitatively image the integ-

S1200. rin expression in the orthotopic lung cancer tumor and its

800 metastases. A 2D projection image of a mouse injected

4001 2 hours previously with 64Cu-DOTA-PEG-E[c(RGDyK)12

0 (15-minute static scan) is shown in Figure 5. The primary

-11 -10 -9 -8 -7 -6 -5 tumor (left upper lobe at the fourth intercostal space) and its

log [M] metastasis to the contralateral lung were both well visual-
ized. By comparison, an FDG scan on the same mouse

Figure 3. Competition of specific binding of [1
251Jechistatin with unlabeled identified the primary tumor but failed to visualize any

echistatin, c(RGDyK). E[c(RGDyK)12 . and DOTA-PEG-E[c(RGDyK)]2 . on metastasis, probably due to significant nearby myocardial
integrin -1_33 expressed on the surface of human NSCLC NCI-H1975 cells, uptake. A coronal section including the primary orthotopic
All points represent triplicate measurements. PEGylation reduced the tumor and subcutaneous tumor on the right flank clearly
receptor binding affinity of the resulting ligand from 11 to 85 WoM. delineates the primary tumor and its metastases to the

contralateral lung, mediastinum, and diaphragm. Whole-
primary route of clearance of radiolabel from 64Cu-DOTA- body autoradiography (100 pm resolution) agreed well with
PEG-E[c(RGDyK)] 2 was through the kidneys into the urine, the findings of microPET (Fig. 5). ROI analysis of the FDG-
Only 0.94 ± 0.20% ID/g and 0.90 ± 0.35% ID/g were found in PET images showed a primary tumor-to-muscle ratio of 4.8
the liver and intestines at 1 hour postinjection, respectively. It and a primary tumor-to-lung ratio of 1.5. SUV. The RGD
is also important to note that there was minimal uptake of peptide tracer had much higher tumor-to-background con-
64Cu in organs other than the kidneys, indicating that these trast than that of FDG, following the trend of subcutaneous
normal tissues and organs exhibit little cvf

3
3 integrin expres- tumor > primary tumor > metastasis (contralateral lung).

sion, which is consistent with previous reports [22-33]. To
demonstrate that the 64Cu-DOTA-PEG-E[c(RGDyK)] 2 up-
take in NCI-H1 975 tumor was specific and receptor-mediated, Discussion
biodistribution studies were performed by coinjection of ThisstudydemonstratesthatS 4Cu-DOTA-PEG-E[c(RGDyK)]2
c(RGDyK) (10 mg/kg) with 64Cu-DOTA-PEG-E[c(RGDyK)]2. is an excellent positron-emitting radionuclide tracer for
An uptake value of 0.68 ± 0.10% ID/g was observed at 1 hour visualization of NSCLC tumor and its metastases based on
postinjection, which was about four times lower than the integrin expression. The high tumor-to-lung contrast is due to
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Figure 4. Comparison of biodistribution data of 64Cu-DOTA-PEG-E[c(RGDyK)]2 (0) and 'Cu-DOTA-E[c(RGDyK)J 2 (0) in female athymic nude mice. Error bars

denote SD (n = 4).
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Table 1. Biodistribution of 
64

Cu-Labeted PEGylated Dimeric RGD Peptide (6
4
Cu-DOTA-PEG-E[c(RGDyK)J 2) in Male SCID-bg Mice Bearing Subcutaneous

NCI-H1975 NSCLC Tumors on the Right Flank.

0.5 hour 1 hour 2 hours 4 hours 24 hours 1-hour block

Blood 0.57 ± 0.19 0.17 t 0.02 0.05 ± 0.01 0.04 ± 0.02 0.04 ± 0.01 0.16 ± 0.04

Muscle 0.37 ± 0.05 0.46 ± 0.12 0.22 ± 0.03 0.16 ± 0.03 0.15 ± 0.03 0.81 ± 0.07

Tumor 1.87 ± 0.05 2.64 ± 0.14 1.35 ± 0.06 1.46 ± 0.12 1.15 ± 0.07 0.68 ± 0.10

Skin 0.92 ± 0.05 0.55 ± 0.11 0.56 ± 0.34 0.38 ± 0.09 0.47 ± 0.01 0.31 ± 0.07

Bone 0.56 ± 0.32 0.58 ± 0.14 0.33 ± 0.05 0.33 ± 0.01 0.37 ± 0.08 0.42 _ 0.21

Heart 0.52 ± 0.15 0.31 ± 0.07 0.25 ± 0.02 0.25 ± 0.04 0.23 ± 0.03 0.14 ± 0.05

Lung 1.31 ± 0.35 0.78 ± 0.09 0.51 ± 0.08 0.55 ± 0.05 0.46 ± 0.05 0,48 + 0.12

Liver 0.83 ± 0.17 0.94 ± 0.20 0.77 ± 0.09 1.01 ± 0.09 0.88 ± 0.01 0.36 ± 0.04

Kidney 3.50 ± 0.54 1.92 ± 0.26 1.63 ± 0.04 1.61 ± 0.17 1.15 ± 0.11 1.33± 0.12

Spleen 1.01 ± 0.48 1.23 ± 0.18 0,94 ± 0.06 1.30 ± 0.21 1.15 ± 0.10 0.28 ± 0.04

Pancreas 0.43 ± 0.25 0.29 ± 0.01 0.16 ± 0.01 0.18 ± 0.01 0.18 ± 0.03 0.15 ± 0.12

Stomach 1.25 ± 0.06 1.16 ± 0.22 0.87 ± 0.03 0.90 ± 0.13 0.66 ± 0.11 0.23 ± 0.04

Small intestine 1.30 ± 0.09 0.90 ± 0.35 0.83 ± 0.08 1.02 ± 0.14 0.73 ± 0.05 0.29 ± 0.14

Tumor/blood 3.58 ± 1.43 15.3 ± 1.06 27.9 ± 6.37 36.9 ± 13.1 28.7 ± 3.71 4.64 ± 2.19

Tumor/muscle 5.07 ± 0.69 6.07 ± 1.68 6.17 ± 1.02 8.99 ± 1.59 7.60 ± 0.94 0.83 ± 0.05
Tumor/lung 1.51 ± 0.48 3.41 ± 0.29 2.68 ± 0.51 2.65 ± 0.22 2.45 ± 0.14 1.44 ± 0.33

The data were reported as percent injected dose per gram ± standard deviation at different time points postinjection of 20 pCi radioactivity. A 1-hour blocking
experiment was performed with coinjection of 10 mg/kg c(RGDyK) (n = 3).

the lack of integrin expression in normal tissues and organs, radiolabel clearance from the hepatobiliary route for the

and consequently minimal nonspecific cardiac and lung monomer to a predominantly renal route for the dimer [26].
activity accumulation with this radiotracer. The same tumor- Despite the success of 18 F-labeled RGD peptides for
bearing mouse imaged with FDG showed low tumor contrast imaging integrin expression in various preclinical tumor

and inability to delineate tumor metastases due to intense models, it is important also to develop RGD peptides labeled

cardiac uptake. with a radiometal such as 64Cu (fI12 = 12.7 hours) for PET
Most solid tumors are angiogenesis-dependent and, imaging because of the existence of imaging/therapy radio-

therefore, various antiangiogenic treatment targetings at dif- nuclide pairs of these metals (i.e., 64CU/6 7 Cu and 86Y/o 0Y).

ferent molecular mechanisms are being explored [13,42,43]. Radiotracers labeled with the "imaging" isotope can be used

With growing numbers of antiangiogenic drugs available to determine dosimetry and to monitor tumor response for

that target different pathways, it may become useful to select the same ligand labeled with the corresponding therapeutic

therapeutic regimens based on the molecular characteristics isotope. With this purpose in mind, we initially conjugated

of tumors in individual patients as identified by selective the macrocyclic chelator DOTA with the monomeric RGD
in vivo imaging agents. Overexpression of integrin cav33 on

both tumor cells and sprouting tumor vasculature, but not on
most normal tissues and resting endothelial cells, presents
an excellent target for antiangiogenic interventions [16].
Recent clinical trials and preclinical studies suggest that
aXvr33 expression correlates positively with tumor metastatic

potential and that anti-integin therapy using Qv03 antagonists
is most effective with integrin-positive tumors [16,18]. Non-
invasive imaging of Uv03 expression is thus of vital impor-
tance for patient selection and noninvasive monitoring of

anti-integrin treatment efficacy [17,19].

A series of cyclic RGD peptides has been labeled with 18F
(t112 = 109.7 minutes) for PET imaging of tumor integrin

expression [22,23,25,26,29,30]. The introduction of a fairly

bulky prosthetic 18F labeling group (4-[18F]fluorobenzoyl or
2-[ 18F]fluoropropionate) to the monomeric RGD peptide
results in unfavorable hepatobiliary excretion and rapid

tumor washout [22,23]. Inserting an amino sugar [29,30] or Figure 5. The 2D projection microPET images of SCID-bg mouse bearing

PEG [25] moiety between the integrin binding RGD se- both subcutaneous and orthotopic NCI-H1975 tumors. The same mouse was

quence and 18F label increases hydrophilicity and thus anesthetized and scanned with [18F]FDG (day 1) and 64Cu-DOTA-PEG-

E[cRGDyK)]k (day 2). Left: Fifteen-minute static scan beginning 30 minutes
improves tumor targeting efficacy and pharmacokinetics of after intravenous injection of 200 lCi of FDG. Right: Fifteen-minute static
the resulting radiotracers. Recently, it has also been found scan beginning 2 hours after injection of 300 ltCi of 6Cu-DOTA-PEG-

that an 18F-labeled dimeric RGD peptide with higher receptor E[cRGDyK)J2. (1) Primary orthotopic tumor in the Lipper lobe of the left lung;
(2) contralateral lung metastasis; (3) subcutaneous tumor; (4) heart; (5) liver;

binding affinity than the corresponding monomeric counter- (6) kidneys; and (7) bladder, Regions identified as tumors were confirmed by

part produces significantly increased tumor uptake and shifts cryosectioning and autoradiography following the 6
4

Cu scan (Figure 6).
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B A C

Figure 6. Left: A coronal image of the same tumnor-bearing mouse as shown in Figure 5. Both primary tumors as wveft as metastases are clearly identified. Right:
WBDA of a 50-Itm thick section correlating well with the coronal microPET slice shown on the left. (A) Primary orthotopic tumor in the tipper lobe of the left lung: (B)
local metastasis of the primary tumor,, (C) contralateral lung metastasis: (D) metastasis in the diaphragm: (E) subcutaneous tumor; and (F) liver.

peptide c(RGDyK) and evaluated the resulting 64Cu-DOTA- feasibility of NSCLC tumor and metastasis delineation with

c(RGDyK) radiotracer in the MDA-MB-435 breast cancer this radiotracer. It is also striking that the PEGylated dimeric
xenograft model. Although the monomeric RGD peptide RGD peptide tracer accumulated more specifically than FDG
tracer was able to delineate the tumor from background, it in both primary and metastatic lung tumor lesions. However,
also had high activity accumulation in liver. Similar to the 1817- the significance of these findings is tempered by the fact that

labeled dimeric RGD peptide, the DOTA-conjugated dimeric the magnitude of tumor uptake may be too low (less than
RGD peptide tracer 64Cu-DOTA-E[c(RGDyK)]2 had almost 3% ID/g) for peptide receptor radiotherapy (PRRT) applica-
twice as much tumor uptake and somewhat increased renal tions. Further modifications may lead to identification of
uptake compared with the corresponding monomeric RGD radiolabeled integrin receptor ligands for both PET imaging
peptide tracer 64Cu-DOTA-c(RGDyK). There is no significant and targeted therapy.

difference in blood clearance or liver activity accumulation
between the monomeric and dimeric forms. Encouraged by
the fact that PEGylation improved tumor targeting efficacy Conclusion
and reduced biliary excretion of the 18F-labeled mono- The 64Cu-labeled PEGylated dimeric RGD peptide radio-

meric RGD peptide [22], we expected that the PEGylated tracer was evaluated as an imaging agent for a human
dimeric RGD peptide when labeled with 64CU would also NSCLC in which the UvB"3 integrin is strongly expressed. On
have improved in vivo kinetics. Indeed, 64Cu-DOTA-PEG- lung cancer cells (NCI-H1975) that express uv(33 integrin,
E[c(RGDyK)]2 had similar blood clearance, more rapid renal binding of [1251I]echistatin was inhibited by the ligand DOTA-
clearance, and significantly reduced hepatic uptake com- PEG-E[c(RGDyK)2 in a log dose-dependent manner, dem-
pared with 64Cu-DOTA-E[c(RGDyK)]2 [27]. However, tumor onstrating that the ligand is bound to cell surface receptors.

uptake was also lowered due to the fact that the PEGylated IC50 value of the PEGylated RGD dimer was lower than the
RGD dimer has lower receptor binding affinity than the unmodified dimeric RGD peptide, suggesting a weakening of
dimeric RGD peptide (Figure 3). We only tested one bifunc- ligand-receptor interaction on PEG modification. The distri-
tional PEG (Mw = 3400) in this study. We anticipate a bution of 64Cu-DOTA-PEG-E[c(RGDyK)]2 in a subcutane-

systematic investigation of the effect of PEG size and ously implanted NCI-H1975 xenograft model showed rapid
geometry on tumor targeting and biodistribution of the radio- blood clearance and receptor-specific tumor activity accu-
label in an attempt to develop a radiotracer with high receptor mulation. Due to limited nonspecific uptake in normal organs
avidity and optimal systemic behavior. and tissues that do not express integrin Q0I•3, excellent

Rapid tumor localization with relatively low normal tumor-to-background ratios were obtained at all time points
tissue uptake outside the gut makes 64Cu-DOTA-PEG- examined. MicroPET and whole-body digital autoradio-

E[c(RGDyK)]2 a promising agent for tumor imaging. The graphic imaging of an orthotopic lung cancer model provided
proof -of -principle study presented here illustrates the clear delineation of a primary adenocarcinomna nodule as
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well as its metastases to the mediastinum, contralateral lung, [23] Chen X, Park R, Tohme M, Shahinian AH. and Bading PS (2004).
MicroPET and autoradiographic imaging of breast cancer av-integrin

and diaphragm. The tumor visualization with 6
4 Cu-DOTA- expression using 

1
8F- and 6

4
Cu-labeled RGD peptide. Bioconjug Chem

PEG-E[c(RGDyK)] 2 was superior to that with the metabolic 15, 41-49.

tracer [18F]FDG, which did not identify the metastatic lesions [24] Chen X, Park R, Shahinian AH, Bading JR, and Conti PS (2004).
Pharmacokinetics and tumor retention of 

1 2 5
1-labeled RGD peptide

due to intense cardiac uptake. The in vivo data strongly are improved by PEGylation. Nucl Med Biol 31, 11 -19.
suggest that peptide ligands of this class are promising for [25] Chen X. Park R, Hou Y, Khankaldyyan V, Gonzales-Gomez I, Tohme
imaging integrin expression in lung cancer. Further modifi- M. Bading JR. Laug WE, and Conti PS (2004). MicroPET imaging of

brain tumor angiogenesis with '5 F-labeled PEGylated RGD peptide.
cations to increase the magnitude of tumor uptake for Eur J Nucl Med Mo! Imaging 31, 1081-1089.
integrin-targeted internal radiotherapy are needed. [26] Chen X, Tohme M, Park R. Hou Y, Bading JR, and Conti PS (2004).

MicroPET imaging of ty.13 integrin expression with 15
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Targeting drugs to receptors involved in tumor angiogenesis is a novel and promising approach

to improve cancer treatment. In this study, we evaluated the antitumor activity of paclitaxel
(PTX) conjugated with a bicyclic peptide E[c(RGDyKI) 2 (RGD) in a metastatic breast cancer
cell line (MDA-MB-435). The cyclic RGD peptide selectively binds to (xv integrin receptors that
are highly expressed in metastatic cancer cells. PTX, an antimicrotubule agent, is a potent
antitumor agent commonly used in the treatment of advanced metastatic breast cancer. The
in vitro results showed that RGD peptide inhibited cell cycle proliferation by arresting cells in
Go/Gl-phase. The PTX-RGD conjugate inhibited cell proliferation with activity comparable to
that observed for paclitaxel, both of which were mediated by an arrest of G2JM-phase of the
cell cycle followed by apoptosis. Although the PTX-RGD conjugate showed slightly decreased
integrin binding affinity than the unconjugated peptide, it indicated integrin specific accumula-
tion in vivo. "'2I-Labeled PTX-RGD showed highest tumor uptake at 2 h postinjection (2.72 ±
0.16%ID/g) and best tumor/background contrast after 4 h postinjection. Our results demonstrate
the potential of tumor-targeted delivery of paclitaxel based on the specific recognition of cell
adhesion molecule (xf!3 integrin to reduce toxicity and enhance selective killing of cancer cells.

Introduction I/lI clinical trials, angiogenic modulators have shown

The efficacy of chemotherapeutic drugs is limited by modest toxicity, were cytostatic, slowed tumor growth

low sensitivity for tumor cells and high toxicity to and metastasis, and produced an objective remission.9

healthy tissues.1,2 The activity of most chemotherapeutic However, antiangiogenic therapy with the aim to nor-
agents is further limited by the development of drug malize tumor vasculature usually is not sufficient toagentseradicate tumors in the late stage.s-'° Thus, combina-
resistance. Tumor cells are a rapidly changing target
because of their genetic instability, heterogeneity, and tions of antiangiogenic agents with either chemo- or
high rate of mutation, leading to selection and over- radiation therapy has demonstrated enhanced antitu-
growth of a drug-resistant tumor cell population.3 To mor activity in multiple tumor systems, and its ef-
increase the therapeutic index, various drug delivery fectiveness has been shown in breast cancer models.11- 13

systems are being developed. Most carriers mainly focus The synergy most likely results from the impact of

on macromolecules such as monoclonal antibodies, antiangiogenesis that decreases the interstitial tumor
proteins, or peptides. Hybrid molecules designed to bind pressure leading to improved blood flow with subse-
to specific, overexpressed receptors on tumor cells are quent improved local delivery when given systemi-

an attractive avenue for selective targeting. 4,5  cally.13

Angiogenesis, the formation of new blood vessels from The expression of integrin adhesion molecules X0fl3
preexisting vasculature, is essential for tumor growth and U0Ii5 on sprouting capillary cells and their interac-
and progression. 6,7 Inhibition of angiogenesis has been tion with specific matrix ligands play a key role in
shown to prevent tumor growth and even causes tumor angiogenesis and metastasis.14 The cc, integrin receptors
regression in various experimental models.8 In contrast are highly expressed on activated endothelial cells and
to traditional chemotherapeutics, which target all divid- tumor cells, but not expressed in resting endothelial
ing cells, antiangiogenic therapy selectively targets cells and most normal organ systems, making it a
activated endothelial and tumor cells. In early Phase potential target for antiangiogenic strategy. Inhibition

of (x,, integrin activity by mAbs, cyclic RGD peptides,
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Figure 1. Schematic representation of the molecular structure of dimeric RGD peptide-paclitaxel conjugate. The succinate
linkage is through the 2'-hydroxy group of paclitaxel and amino group of RGD glutamate residue.

100 Thus, we have changed l)-Phe to D-Tyr to increase
90___- Ihydrophilicity, as well as providing the possibility of
80- iodination radiolabeling. N-Methylvaline was changed
70 ..... "to lysine to facilitate further modification via the side
60 chain c-amino group.1'9 23,26 It was also recently reported
50 i - - - - - - that dimeric and multimeric cyclic RGD peptides have
S40 - higher receptor binding affinity in vitro33 and better
30 - tumor retention in vivo.2 4' 2 5' 29 This is presumably due
20 -__ - - to polyvalency, which gives rise to an enhanced binding
10 - ---- and steric stabilization.3 4

0 ... -- Estrogen-independent breast cancer cell line MDA-
o0 too 1000 o0000 MB-435 is known to express high levels of integrin 0.vf/3,

log Dosc(nM) and the expression of activated (xf3, integrin has been
- PTXSX-RGD PTX RGD -X- PTXSX associated directly with the metastatic and osteolytic
Figure 2. Cytotoxic effect of PTX, PTXSX, PTX-RGD con- potential of MDA-MB-435 breast carcinoma. 25,35, 36 In
jugate, and RGD peptide. MDA-MB-435 cells were treated with this study, we used dimeric RGD peptide E[c(RGDyK)]2,
continuous exposure of each drug for 48 h, and cytotoxicity a potent (x,-integiin antagonist, as carrier for paciltaxel
was assessed by MTT assay as described in the Experimental
Section. Data are presented as a measure of percent survival to specifically target breast cancer cells and tumor blood
normalized against the untreated population. Each data point vessels. The in vitro receptor binding, cytotoxicity, and
is from an average of three to four independent experiments apoptosis results were observed in the MDA-MB-435 cell
performed in triplicate. IC5o values for PTX, PTXSX, PTX- line, and biodistribution data was performed in an
RGD, and RGD are 34 + 5, 67 ± 9, 134 + 28, and 2940 ± 15 orthotopic nude mouse breast cancer model.
nM, respectively.

Results
receptor: arginine interacts with two anionic aspartic

acid residues in the cL-subunit, aspartic acid interacts Synthesis and Characterization. The conjugate of
with divalent metal cation in the metal ion-dependent paclitaxel (PTX) with dimeric RGD peptide37 (Figure 1)
adhesion site (MIDAS) region of the f3-subunit, and was prepared by derivatizing the 2'-hydroxy function
glycine forms close contact with the protein. D-Phenyl- of paclitaxel with succinic anhydride, according to
alanine is involved in hydrophobic interactions, while reported procedure. 38 The paclitaxel hemisuccinate ester
N-methylvaline forms no contact with the protein.30- 32  (PTXSX) was activated using EDC and NHS, followed

S' 0 0 00-
0 0.5 0 0.5 1 0.5 1

Fractional effect Fractional effect Fractional effect

Figure 3. Combination index (CI) for PTX and RGD combinations. MDA-MB-435 cells were treated with various ICoo:IC•o ratios
of PTX and RGD. (Left panel) PTX+RGD: simultaneous exposure of both drugs for 48 h. (Middle panel) PTX-RGD: cells were
pretreated with PTX for 24 h, and then RGD was added for an additional 24 h. (Right panel) RGD-PTX: cells were exposed to
RGD for 24 h, and then PTX was added for an additional 24 h. The fractional effect was evaluated by Chou-Talalay method. CI
= 1 reflects additive effects, CI > 1 antagonism and CI < 1 synergism.
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Figure 4. Flow cytometric analysis of the cell cycle profiles of treated MDA-MB-435 cells. RGD peptide induces cell cycle arrest
in G0/GI phase with no apoptosis even at high drug concentration and prolonged exposure. All three PTX derivatives resulted in
GJM cell cycle arrest with distinct apoptosis (sub-GcIGi population) 24 h after drug treatment.

by coupling with RGD peptide glutamate amino group than free PTX. Cyclic RGD peptide was the least potent
under slightly basic conditions. (IC5o = 2.9 A: 0.1 /iM).

Cytotoxicity Assessments. The cytotoxic effect of Analysis of Drug Combinations. Sequential and
PTX, PTXSX, RGD, and PTX-RGD conjugate admin- concomitant combinations of PTX and RGD peptide
istered as single agents was assessed by MTT (3-(4, were analyzed in MDA-MB-435 cells by the method of
5-dimethylthiazole-2-yl)-2,5-diphenyltetrazoliumbro- Chou and Talalay.40 We observed that simultaneous
mide) assay39 in MDA-MB-435 breast cancer cells after (schedule 1) and sequential PTX treatment followed by
48 h continuous drug exposure (Figure 2). PTXSX with RGD (PTX - RGD, schedule 2) produced antagonistic
the IC5•o of 67 - 9 nM showed similar potency to PTX effects (CI > 1; Figure 3). However, when cells were
(ICso = 34 ± 5 nM). However, PTX-RGD conjugate with exposed to RGD before the addition of PTX (RGD
the IC50 value of 134 + 28 nM was slightly less potent PTX, schedule 3), an additive effect was observed at all
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0 Control 3 RGD 3 PTX-RGD 0 PTX U PTXSX t PTX + RGD 0 PTXSX + RGD it to the ability of PTX and RGD used as a single agents
or in simultaneous combination (PTX+RGD). As shown
"in Figure 6, PTX-RGD conjugate caused a strong

70- . . .apoptotic effect comparable to that induced by PTX as
a single agent. At 24 h, 12% of PTX--RGD conjugate-
treated cells appeared to be in early apoptosis as

50- 0- compared to 17% for PTX. An increase in late apoptosis/
0 necrosis was also apparent at 48 h for both drugs

.. ................. ............ (Figure 6). No significant changes in the percentage of
8 30- apoptotic cells were observed in RGD treated cells, data
0 .................. ............ that correlates with the results obtained in the cell cycle

S20-.- analysis. Moreover, as we previously observed inI the cell

cycle profile for the simultaneous combination of PTX
and RGD, the presence of RGD significantly reduced the
percentage of apoptotic cells as compared to PTX-RGDas a single agent.

Paclitaxel exposure Integrin Binding Affinity. To determine whether
Figure 5. Percentage of sub-Go/Gi population determined by PTX conjugation alters the receptor affinity of dimeric
flow cytometry. The PTX-RGD conjugate is comparable to RGD peptide, competitive binding measurements were
that of PTX/RGD combination, performed between 12"1-echistatin and the RGD peptide

levels of fractional inhibition. As shown in Figure 3, ligands (Figure 7). All ligands tested in these assays

previous exposure to RGD reduced the PX dose given showed the expected siginoid curves. Coupling of a

in combination as compared to PTX administered as a rather bulky PTX moiety with dimeric RGD peptide

single agent. The cytotoxicity of the simultaneous through the succinate tether did not significantly reduce

combination between PTXSX and RGD was also evalu- the receptor avidity of the peptide (ICso values for

ated. In contrast to the data obtained for PTX, a modest E[c(RGDyK)]2 and PTX-RGD conjugate were 15.6 arid

synergistic effect was observed for PTXSX and RGD 25.9 nM, respectively).

combination (data not shown). Biodistribution. To assess the effect of conjugation

Effect on Cell Cycle Progression. Flow cytometric and the presence of drug moiety on the MDA-MB-435

analysis was performed to analyze the cell cycle per- tumor and normal tissue uptake, the biodistribution of

turbations and apoptosis. As expected, RGD adminis- the 1251-labeled conjugate (12iI-RGD-PTX) was com-

tered as a single agent induced cell cycle arrest in Go/ pared to that of 1.25IRGD. Radioiodination of both

G, phase. No apoptotic fraction (as determined by the compounds through a standard Chloramine-T method

sub-G1 peak) was observed even at longer exposures to afforded the labeled molecules as evidenced by radio-

high concentrations of the drug (IC80, Figure 4), which HPLC with high specific activity (1500 to 2000 Ci/

correlates well with the cytostatic effect observed in the mmol). Typical radiochemical yield after HPLC purifi-

drug sensitivity test. A G2/M cell cycle arrest was cation for both radioligands was about 50-60% with

observed for PTX, PTXSX, and PTX-RGD conjugate radiochemical purity over 95%. The labeled RGD and

(Figure 4). The appearance of apoptotic cells (as calcu- conjugate were injected intravenously (iv) into athymic

lated by sub-Go/Gi population) was evident at 24 h for nude mice carrying orthotopic MDA-MB-435 xenografts.

all drugs. PTX-RGD conjugate and PTXSX showed Tissues were removed at different time-points postin-

similar mitotic arrest and apoptotic cell death to that jection (pi) and the radioactivity uptakes, expressed in

of PT. In all cases, the apoptotic events seemed to occur %ID/g were measured (Tables 1 and 2). Both RGD and

after G2/M arrest (Figure 5). PTX-RGD conjugate revealed fast blood clearance.

Simultaneous combination of PTX, PTXSX, and RGD Tumor activity accumulation was rapid for 1251-RGD

first induced a slight G2/M-phase arrest at 16 h followed (e.g., 3.85 ± 1.15% ID/g at 30 min pi) and was quickly

by the progressive appearance of a sub-G, peak char- washed out, resulting in only 1.64 + 0.24%ID/g at 4 h

acteristic of apoptosis (Figure 5). Levels of apoptotic pi. The maximum tumor uptake for the conjugate

fractions increased up to 35% and 57% with PTX/RGD appeared at 2 h pi (2.72 ± 0.16%ID/g), and remained

and PTXSX/RGD combination, respectively (Figure 5). constant at 4 h pi (2.37 ± 0.76%ID/g). The best tumor-

Our findings also demonstrate that the PTX-RGD to-blood and tumor-to-muscle ratios were achieved after

conjugate is as efficacious as the combination of PTX 4 h pi. To demonstrate that the RGD and RGD-P

or PTXSX and RGD. conjugate uptakes in MDA-MB-435 tumors were specific

Characterization of Drug-Induced Apoptosis. An and receptor mediated, biodistribution studies were

early event in apoptotic cell death is the translocation performed by co-injecting of c(RGDyK) (10 mg/kg) with

of the phosphatidyl-serine (PS) residues to the outer the iodinated radiotracers. Uptake values of 0.87 ± 0.17

of the cytoplasmatic cell membrane, In the presence and 0.42 :L 0.07%ID/g were observed at 1 h pi for RGD
part of the at y ce dn ofbane. V t o and the conjugate, respectively. These values were 4-5of calcium, rapid high affinity binding of annexin V to times lower than the tumor uptake of the radiotracers

PS occurs. PS translocation to the cell surface precedes when no blocking agent was co-injected.

nuclear breakdown, DNA fragmentation, and the ap-

pearance of most apoptosis-associated molecules, mak- Discussion
ing annexin V binding a marker of early-stage apoptosis.
By using this method, we determined the ability of In the present work, a dimeric RGD peptide E[c(RGDy-
PTX-RGD conjugate to induce apoptosis and compared K)]2 was conjugated to paclitaxel (PTX) and evaluated
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Figure 6. Apoptosis analysis of MDA-MB-435 cells treated with RGD, PTX-RGD, PTX, PTXSX, and simultaneous combination
of PTX and PTXSX with RGD. Cells stained with annexinV/propidium iodide and analyzed by flow cytometry.

.S

free PTX and for its in vivo tumor-targeting efficacy.

•14 (" 80- v E5 (R'y)]

We showed that PTX-RD conjugate inhibits tumor
cell growth comparable to that of PTX and PTXSX. bte o-RDPXPTSnsiuaes cinati
PTX-RGD inhibition of cell g stowth was mediated byx pi ino

cell cycle retention and apoptosis. PTX-RGD blocked M•
cell cycle in G2/M-phase, with the subsequent disap- 5 20.

pearance of the Go/GR and S peaks, which was compa- 8

rably similar to that induced by PTX and PTXSX. The -11 -10 -9 -8 -7 -6

cell cycle arrest induced by these compounds (PTX, logt[M]
PTXSX, inhibTi-RGD) was followed by cell death, as

determined by annexin V/PI staining. Moreover, PTX- Figure 7. Competition of specific binding of 125I-echistatin
clwith unlabeled echistatin (ca), El(RGDyK)e2 (v), and PTX-
Scyn auE[e(RGDyK)2 conjugate () to MDA-MB-435 cells. Cell-

At 24 h, 17% of PTX-RGD conjugate treated cells associated radioactivity in the absence of competitor was set

appeared to be in early apoptosis compared to 9% for at 100%. Values are mean of triplicate assays ± SD. [echista-
PTX. These data is consistent with the increase in the tin: 0.28 nM; RGD: 15.6 nM; RGD-PTX: 25.9 nMl.
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Table 1. Radioactivity, Expressed as Percent Injected Dose per Gram Tissue in Different Organs and Tumor of MDA-MB-435
Xenograft Model after Intravenous Injection of 2 1iCi of '2 'I-E[c(RGDyK)1 2 at 30 min, 1. 2, 4 h, and 1 h Block (with coinjection of 10
mg/kg c(RGDyK)) (n 4)

0.5 h 1 h 2 h 4 h 1 h block

blood 1.82 ± 0.43 0.95 ±2 0.04 0.52 ±L 0.09 0.16 + 0.04 1.16 ± 0.31
muscle 0.77 ± 0.23 0.57 ± 0.01 0.44 ± 0.02 0.32 + 0.07 0.62 ± 0.44
tumor 3.85 ± 1.15 2.91 ± 0.35 2.44 ± 0.10 1.64 + 0.24 0.87 A 0.17
bone 1.49 = 0.63 1.05 + 0.15 0.81 ± 0.19 0.49 +. 0.14 0.56 ± 0.01
heart 1.28 - 0.31 0.83 -2 0.01 0.68 ± 0.01 0.36 ± 0.03 0.62 ± 0.14
lung 3.30 -± 0.94 1.99 ± 0.08 1.43 ± 0.15 0.97 ± 0.08 1.47 1 0.24
liver 2.64 ± 0.77 2.30 + 0.17 2.11 ± 0.08 1.13 ± 0.05 1.29 -+ 0.24
kidney 10.1 ± 1.10 8.95 ± 0.82 8.01 ± 0.64 5.65 ± 0.09 6.43 ± 0.91
spleen 1.96 ± 0.57 1.60 ± 0.07 1.44 1 0.09 0.85 - 0.01 0.89 ± 0.37
pancreas 0.57 ± 0.16 0.78 ± 0.09 0.58 ± 0.07 0.34 - 0.03 0.68 + 0.01
stomach 5.76 A- 0.89 4.33 -± 0.75 3.20 1 0.86 1.55 ± 0.54 3.36 -± 0.37
intestines 2.68 ± 0.02 1.98 ± 0.12 1.68 ± 0.07 1.04 -± 0.22 1.74 + 0.04
tumor/blood 2.09 ± 0.12 3.20 + 0.44 3.24 ± 0.42 10.9 ± 3.35 0.75 ± 0.21
tumor/muscle 5.03 1-0.03 5.20 ± 0.71 3.83 ± 0.07 5.1.6 ± 0.39 1.40 1 0.49

Table 2. Radioactivity, Expressed as Percent Injected Dose per Gram Tissue in Different Organs and Tumor of MDA-MB-435
Xenograft Model after Intravenous Injection of 2 pCi of '2 5I-E[c(RGDyK)] 2 -PTX conjugate at 30 min, 1, 2, 4 h. and 1 h Block (with
coinjection of 10 mg/kg c(RGDyK)) (n = 4)

0.5 h l h 2 h 4 h I h block

blood 0.63 ± 0.09 0.58 - 0.01 0.23 ± 0.06 0.07 ± 0.01 0.44 ± 0.05
muscle 0.29 - 0.04 0.47 ± 0.01 0.58 -+ 0.11. 0.39 ± 0.01 0.14 ± 0.02
tumor 0.97 ± 0.24 1.91 ± 0.09 2.72 ± 0.16 2.37 ±L 0.76 0.42 ± 0.07
bone 1.14 ± 0.01 1.77 + 0.73 1.81 ± 0.73 0.83 ± 0.12 0.41 ± 0.09
heart 0.81 ± 0.12 0.82 - 0.05 0.99 ± 0.05 0.81 ± 0.14 0.37 ± 0.01
lung 0.63 1 0.1.1 1.55 + 0.97 2.36 ± 0.97 1.38 ± 0.20 0.95 1- 0.03
liver 3.59 -1 0.48 3.35 + 0.08 5.66 ± 0.08 4.25 ± 0.52 2.43 ± 0.38
kidney 3.33 ± 0.47 3.61 ± 0.14 6.51 ± 0.14 5.53 ± 0.73 2.32 ± 0.46
spleen 1.04 A: 0.07 1.45 ± 0.24 2.53 ± 0.24 2.14 1 0.07 0.33 ± 0.06
pancreas 0.34 ± 0.04 0.49 - 0.05 0.55 -2 0.05 0.48 ± 0.07 0.23 1 0.01
stomach 1.55 ± 0.02 2.06 ± 0.03 3.08 ± 0.03 2.54 -± 0.12 1.06 ± 0.17
intestines 1.24 ± 0.26 1.60 ± 0.20 2.52 ± 0.20 2.25 ± 0.15 0.45 ± 0.24
tumor/blood 1.52 ± 0.14 3.32 ± 0.21 11.9 ± 2.54 33.4 1 4.12 0.95 ± 0.17
tumor/muscle 3.32 ± 0.34 4.03 ± 0.21 4.76 ± 0.64 3.01 ± 0.954 3.02 ± 0.36

percentage of sub-GO/G 1 population as determined by an enhancement of' the apoptotic signaling due to the
flow cytometry (50% for PTX-RGD versus 20% for PTX conjugation of RGD to PTX. It is expected that the same
and PTXSX at 24 h; Figure 5). These data may suggest conjugate, when applied to integrin negative cancer

cells, would not have similar potency due to the lack of
1.2- Muscle 8- Liver integrin-targeted delivery, and internalization of PTX.

-e0.9- Z6 Further studies are required to support this hypothesis.

-0.6- _4 It is noteworthy that the metabolic stability of PTX-
"ý1 aRGD conjugate and PTXSX is unknown. If the RGD

0.3- 2 conjugate and the paclitaxel hemisuccinate ester are

0 0 susceptible for enzymatic degradation, the release of free
0 1 2 3 4 0 1 2 3 4 paclitaxel may partially account for the cytotoxic effects

time (hr) time (hr) observed.

12 - Kidneys 3- intestine RGD also inhibited cell cycle proliferation by inducing] Go/G 1 arrest with the subsequent disappearance of G2/M2. peak. No apoptosis was observed after cell cycle arrest.

0-- Therefore, RGD induced inhibition of cell growth was

3- 1- not associated with cell death, despite the alteration ofI 01 cell adhesion in this cell line (cell detachment, data not
0 shown). The conjugation of RGD to PTX, however,

0 1 2 3 1 t 2 3 4 completely abolished the GO/G 1 arrest induced by RGD,
time [hr) time (hr) leading to a characteristic G 2/M-phase arrest similar to

5- Tumor 2.5- Blood that induced by PTX. The conjugation also resulted in
4- 2- a decrease in alteration of cell adhesion and a subse-

- 1.5 - quent increase of cell cytoxicity.

2- 2. 1 Cell cycle-specific action of PTX and RGD supports

1- * 05 the rationale for combining both drugs and exploiting

. 0them for cancer therapy. Therefore, we evaluated the

0 1 2 3 4 0 1 2 3 4 cytotoxic effects of different combination schedules

time (hr) time [hr) (concomitant or sequential) between PTX and RGD. We

Figure 8. Comparison of biodistribution data for 1251_ also compared the efficacy of these combinations versus

Etc(RGDyK)12 (C) and 125 1-RGD-PTXSX (0) in orthotopic the conjugate. Our results showed that the efficacy of
MDA-MB-435 breast cancer xenograft model. Error bars this combination is schedule-dependent. Pretreatment
denote SD (n = 4). with RGD followed by PTX is more cytotoxic than the
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other two schedules (simultaneous ROD -+ PTX, and DyK)]s was prepared by coupling Boc-Glu-OH1 with 2 equiv of
reverse sequence, PTX-RGD). Therefore, from our monomeric RGD peptide c(RGDyK) followed by TFA cleav-
comnbination studies, we can conclude that ROD pos- age. 2

4,
2 5

,
37 PTX-2'-succinate (PTXSX) was prepared by reacting

PTX (Hande Tech, Houston, TX) with equal molar amnount ofsesses schedule-dependent antagonism on the antitumnor succinic anhydride in pyridine.38 1211-Echistatin labeled by the
actiityof TX i viroprovdin a atioaleforthe lactoperoxidase method to a specific activity of 2000 Cilmmol

administration of two drugs in vivo. Taking into account was purchased from Amrersham Biosciences (Piscataway, NJ).
that PTXSX exhibited similar properties to that of PTX Echistatin was purchased from Sigma (St. Louis, MO). Purified
(cytotoxicity, cell cycle retention, and apoptosis iniduc- hiuman integrmn af:3 in Triton-100 formulationi was obtained
tion), we also evaluated the activity of the simultaneous fromn Chemicon International (Temecula, CA).
combination of RGID and PTXSX. In contrast to the Elc(RGDyK4-Ix-PTX Conjugate. To a solution of PTXSX
results with PTX, a synergistic effect was observed in (5m,52 ro)i50CILN(2m)adEC1mg5.

thiscominaion sugestng hatuccnatemodfletio .1mol) in water (500 giL) was added 0. 1 N NaOH to adjust the
tispoe combiatiiosgetin o thato sucnhatce modifcationo pH- to 5.0. SNITS (1.1 mg, 5 nimol) was then added to the

imprvedtheabilty f PX toenhnceRGD ytoox- stirring mixture on an ice-bath, and 0.1 N NaOiI was further
icity. Despite the ability of ROD and PTX or PTXSX in added to adjust the pH1 to 5.5. The reaction was allowed to
combination to inhibit cell growth, they are less effective proceed for 30 min at 4 'C. To the active ester PTXS.X-OSSu
in cell killing than the PTh-RGD conjugate. A greater prepared in situ was then added dimeric RGD peptide
percentage of sub-GOIG11 population was *found when Eic(RGDyK)L2 (13.5 mg, 10 umol). The reaction was allowed
cells were exposed to PTX-RGD conjugate than to the to myix overnight at 4 *C. The purification of the crude product

was carried out on a sensipreparative reversed-phase l-PLC
combination of ROD and PTX or P'D(SX. The conjugate system (Waters 515 chromatography system with a 486
also produced more early apoptotic cells than the drug tunable absorbance detector). Version 7.2.1 Labtech Notebook!
combination. XE software (Andover, MA) was used to record chromato-

Finally, we also demonstrated that the conjugated grams. Purification was performed on a Vydac protein and
PTX did not significantly affect the integrin receptor peptide column 218TP510 (5Sum, 250 x 1.0min). The flow was

5 miimin, with the mobile phase starting from 70% solvent A
affinity for RGD peptide, as demonstrated by the (0.1% TFA in water) and 30% solvent B (0.1% TFA in
integrin binding affinity assays (Figure 7). These data acetonitrile) (0-2 minin to 10% solvent A and 90% solvent B
indicate that conjugation could enhance tumor recogni- at 32 min. The analytical HPLC method was performed with
tion of PTX through integrmn receptor binding. The the same gradient system, but with a Vydac 218TP54 column
enhanced tumor recognition agrees well with the cyto- (5 jim, 250 x 4.6 mmn) at a flow rate of 1 mL/min. The
toxicity of the conjugate observed by the MTT assays. absorbance was monitored at 218 mnm. The fractions containing
Biodistribution studies also confirmed that PTX-RGD the ROD conjugate were collected and lyophilized, and the

solid was dissolved in DMSO at a concentration of 10 mglmL
conjugate up~take was receptor-specific and comparable for use in radiolabeling reactions and in vitro assays. MALDI-
to the ROD uptake. Our results suggest that the TOF MS: mlz = 2285.63 for [M d- Hl1 (Cuo~liqN2rOa,). The
presence of RGD peptide may improve the localization retention timne on analytical HPLC under the conditions
and internal ization of PTX as well as exert its function defined in the Experimental Section was 12.5 min, and the
as an antiangiogenic compound. Further studies, how- yield was 45% with a purity of 97%,. The retention times fox'

requredto luciatethemoleula meha- PTX and PTXSX under the same gradient condition were 16.9ever, are reurdt lcdt h oeua eb- and 17.3 nmin, respectively.
nisms involved in the activity of this conjugate. 1251-Radiolabeling. The dimeric ROD peptide and ROD-

In conclusion, this study demonstrates that a pacli- PT conjugate were both labeled with 1251 using the standard
taxel-ROD peptide conjugate can be used as an anti- chloramine-T method. 19 The peptide (10-20ujg) was dissolved
tumor agent. By targeting integrin a,/33, it is possible in 100 YL of phosphate-buffered saline (PBS) (pH 7.4) in a 1.5
to improve the tumor specificity and cytotoxic effect of mL polypropylene vial. [1

25 I1]NaI (1 mCi) was added to the vial,
paclitaxel, resulting in lower systemic doses to obtain followed by 150 ji of chloramine-T (10 nmg/mL in PBS, pH 7.4).

antmrefficacy and reduced toxicity. It is unknown After 2 min, the iodination was quenched with 500 jig of
anitmorNa 2S2O5 (10 rmg/mL in PBS, pH 7.4). The mixture was diluted

if and when the free paclitaxel is released during the with 200 yL of 0. 1% TFA and purified by analytical HPLC with
time course of the assay. The possibility of partial collection of 0.5 mL fractions. After the solvent was removed
distribution of free drug generated through either in vacuo, the residue was triturated with water, passed
extracellular or intracellular proteases cannot he com- through a C18 Sep-Pak column, washed twice with water (2
pletely ruled out. Nevertheless, an improved therapeutic mL each), and ehuted with 2 nsL 80% ethanol. The ethanol was

inde cold e epectd b tuor ntegin pecfic renmoved in vacuo, and the residue was dissolved in PBS (pH
inde cold e epectd b tuor ntegmn pecfic 7.4) to obtain solutions with activity concentration of 1.85 MBq/

delivery of at least a part of targeted pacliatxel, result- mL. The solution was passed throlugh a 0.22 kon Millipore filter
ing in lower and therefore less toxic systemic doses that into a sterile multidose vial for use in animnal experinments.
are necessary to obtain antitumor efficacy. Further Radiochemical yields of 1251-E[c(RGDyK)l2 and 12 5 I-RGD-PTX
evaluation of this lead compound in preclinical animal ranged from 50 to 60%, and radiochemical purity was over
models for tumor growth inhibition and acute toxicity 95%.
studies is currently in progress. Cell Culture. Estrogen-negative breast cancer cell line

MDA-MB-435 was obtained from Dr. Francis Markiand (De-
Experimental Section partmnent of Biochemistry and Molecular Biology, University

of Southern California) and was maintained as monolayer
Materials. All reagents, unless otherwise specified, were cultures in Leibovitz's L-15 medium with 2 mM L,-glutamine

of analytical grade and purchased commercially. N-Hydroxy- supplemented with 10% v/v fetal bovine serum. At confluency,
sulfonosuccinimide (SNHS) and 1-ethyl-3-[3-(dimethylanmino)- the cells were washed with Dulbecco's PBS and incubated at
propyl~lcarbodiimide (EDC) were obtained from Sigma (St. 37 'C for 5 min with trypsin-EDTA. Subsequently, the cells
Louis, MO). Cyclic RGD peptide c(RGDyK) was synthesized were detached and resuspended in new medium. All subse-
via solution cyclization of the fully protected linear pentapep- quent experiments were performed using cells in exponential
tide 1Hý-Gly-Asp(OtBu)-D-Tyr(OtBu)-Lys(Boc)-Arg(Pbf)-OH, fol- growth.
lowed by TFA deprotection.tm 9 Dimeric ROD peptide E[c(RG- Cytotoxicity Assay. The sensitivity of MDA-MB-435 cells
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to drug was determined by MTT (3-(4,5-dimethylthiazole-2- cells were harvested, washed twice with PBS, and resuspended
yl)-2,5-diphenyltetrazoliumbromide) assay.39 Briefly, 4 x 103 (2 x 106 cells/mL) in binding buffer (20 mM Tris, pH 7.4, 150

cells/well were seeded in 96-well plates and allowed to attach mM NaC1, 2 mM CaCl2 , 1 mM MgC12, 1 mM MnCI2 , 0.1% BSA).

overnight. Serial dilutions of each drug were added for 48 h. 96-well multiscreen DV plate (filter pore size: 0.65 pom,
An MTT solution (at a final concentration of 0.5 mg/mL) was Millipore, Billerica, MA) was incubated with 12 51-echistatin

then added to each well, and cells were incubated for 4 h at (50 000 cpm/well) in the presence of increasing concentrations
37 0C. After removal of the media, DMSO was added to of different RGD peptide analogues (0-1000 nM). The total

dissolve the crystals, and the absorbance was measured at 570 incubation volume was adjusted to 200 pL. After the cells were

nm. All assays were performed in triplicate. Doses for each incubated for 3 h at room temperature, the plate was filtered
fraction of survival (ranging from 10% to 90% of cell viability) through multiscreen vacuum manifold and washed twice with

were determined by median-effect line method. IC50 (dose of cold binding buffer. The hydrophilic PVDF filters were col-

each drug that inhibits 50% of cell growth) was used for the lected, and the radioactivity was determined using NaOWT1)
combination analysis. gamma counter (Packard, Meriden, CT). The best-fit IC,(0

Drug Combination Studies. To define the best combina- values for the MDA-MB-435 cells were calculated by fitting

tion between PTX and RGD. three different schedules of the data by nonlinear regression using GraphPad Prism

administration were performed: (1) PTX + RGD (48 h), (2) (GraphPad Software, Inc., San Diego, CA). Experiments were

PTX (48 h) - RGD (24 b), and (3) RGD (48 h) - PTX (24 h). carried out with triplicate samples.

Cell viability for each combination was assessed by MTT assay Animal Model. All animal experiments were performed in

and data were analyzed by Chou and Talalay method."1  compliance with the Guidelines for the Care and Use of

Briefly, the analyses of combined drug effects were performed Research Animals established by the University of Southern

in each experiment with serial dilutions of both drugs admin- California's Animal Studies Committee. Female athymic nude

istered at doses that typically correspond to 1/1, 1/2, 1, 1.5, and mice (n0/nu) were obtained from Harlan (Indianapolis, IN) at

3 times the individual IC50 values. Fractional survival was 4-6 weeks of age and were kept under sterile conditions. The

then calculated by dividing the number of cells in drug-treated MDA-MB-435 cells were harvested and suspended in sterile

plates by the number of cells in control plates. Data were PBS at a concentration of 5 x 107 viable cells/mL. Viable cells

subsequently analyzed by the method of Chou and Talalay.9 5  (5 x 10') in sterile PBS (100 yL) were injected orthotopically

By using this method it is possible to calculate the doses of in the right mammary fat pad. Palpable tumors appeared by

the individual drugs and the combination required to produce day 10-14 post-implantation. The tumors were allowed to

varying levels of cytotoxicity. For each level of cytotoxicity, a grow 4-5 weeks until 0.5-1 g in weight. Tumor growth was

parameter called the combination index (CI) is then calculated followed by caliper measurements of perpendicular measures

according to the following equation: CIj = Dl/(Df)t + DJ(Df), of the tumor. The weight in mg was estimated by the

+ ADADJ(Dr),(D0 2 ,39 where D 1 and D2 are the concentrations formula: tumor weight = a(bl)/2, where a and b are the tumor

of the combination required to produce survival f. (Di)l and length and width respectively in mm. 45

(DO,- are the concentrations of the individual drugs required Biodistribution. Orthotopic MDA-MB-435 tumor-bearing
to produce f. The value for A was set to one or zero depending female athymic nude mice (n = 4 per time point) were injected
on whether the drugs are assumed to be mutually nonexclusive with '2.5I-E[c(RGDyK)]2 or i25I-E[c(RGDyK)],2.PTX via the tail
or mutually exclusive, respectively, in their action. According vein. The animals were euthanized at 0.5, 1, 2, and 4 h
to this method, synergism is indicated by a CI < 1, antagonism postinjection. The blocking experiment was performed by
by a CI > 1, and additivity by CI = 1. coinjecting radiotracer with a blocking dose of c(RGDyK) (10

Cell Cycle Analysis. Cell cycle perturbations induced by mg/kg) and sacrificed at 1 h postinjection. Following eutha-

RGD, PTX, P`TXSX, PITX-RGD conjugate or the combination nization, blood, tumor, and the major organs and tissues were

of PTX and RGD were analyzed by propidium iodide (PI) DNA collected, wet-weighed, and counted in a y-counter (Packard).

staining. Briefly, exponentially growing MDA-MB-435 cells The percent injected dose per gram (% ID/g) were calculated

were treated with ICso doses of each drug (sequential combina- by comparison with standards representing the injected dose

tions) for 24, 48, and 72 h. At the end of each treatment, cells per animal. Values are reported as mean ± standard deviation

were collected and washed with PBS after a gentle centrifuga- (SD).

tion at 200g for 5 min. Cells were thoroughly suspended in Statistical Analysis. The data are expressed as means +
0.5 mL of PBS and fixed in 70% ethanol for at least 2 h at 4 SD. One-way analysis of variance (ANOVA) was used for
0C. Ethanol-suspended cells were then centrifuged at 200g for statistical evaluation. Means were compared using Student t

5 min and washed twice in PBS to remove residual ethanol. test. A P value of <0.05 was considered significant.
For cell cycle analysis, the pellets were suspended in 1 mL of
PBS containing 0.02 mg/mL of PI, 0.5 mg/mnL of DNase-free Supporting Information Available: MALDI-TOF mass
RNase A and 0.1% of Triton X-100 and incubated at 37 0C for spectrum of paclitaxel-RGD conjugate. This material is avail-
30 min. Cell cycle profiles were studied using a FACScan flow able free of charge via the Internet at http://pubs.acs.org.
cytometer (Becton Dickinson, San Jose, CA) and data were
analyzed by ModFit LT software (Verity Software House Inc). References
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0.58 :t 0.07 %ID/g vs. 2.57 -, 0.49 %ID/g at 4 h after injection).

The ov-integrins, cell adhesion molecules that are highly ex- The pegylated RGD peptide showed higher renal accumulation
pressed on activated endothelial cells and tumor cells but not at early time points (3.51 _+- 0.24 %ID/g vs. 2.18 + 0.23 %ID/g
on dormant endothelial cells or normal cells, present an attrac- at 30 min after infection) but more rapid clearance (1.82 1: 0.29
tive target for tumor imaging and therapy. We previously cou- %ID/g vs. 2.01 -_ 0.25 %ID/g at 1 h after injection) than 64Cu-

pled a cyclic Arg-Gly-Asp (RGD) peptide, c(RGDyK), with DOTA-RGD. The integrin receptor specificity of this radiotracer
1,4,7,10-tetraazacyclododecane-N,N',N",N"'-tetraacetic acid was demonstrated by blocking of tumor uptake by coinjection
(DOTA) and labeled the RGD-DOTA conjugate with 64Cu (half- with nonradiolabeled c(RGDyK). The high tumor-to-organ ratios
life, 12.8 h; 19% [ 1) for solid tumor targeting, with high tumor- for the pegylated RGD peptide tracer (at 1 h after injection:
to-background contrast. The rapid tumor washout rate and tumor-to-blood ratio, 20; tumor-to-muscle ratio, 12; tumor-to-
persistent liver and kidney retention of this tracer prompted us liver ratio, 2.7; and tumor-to-kidney ratio, 1.2) were confirmed
to optimize the tracer for improved pharmacokinetic behavior. In by microPET and autoradiographic imaging in a subcutaneous
this study, we introduced a polyethylene glycol (PEG; molecular U87MG tumor model. This tracer was also able to detect an
weight, 3,400) moiety between DOTA and RGD and evaluated orthotopic brain tumor in a model in which U87MG cells were
the 64Cu-DOTA-PEG-RGD tracer for microPET imaging in brain implanted into the mouse forebrain. Although the magnitude of
tumor models. Methods: DOTA was activated in situ and con- tumor uptake in the orthotopic xenograft was lower than that in
jugated with RGD-PEG-NH 2 under slightly basic conditions. the subcutaneous xenograft, the orthotopic tumor was still vi-
(0, 3-1ntegrin-binding affinity was evaluated with a solid-phase sualized with clear contrast from normal brain tissue. Conclu-
receptor-binding assay in the presence of 1251-echistatin. Fe- sion: This study demonstrated the suitability of a PEG moiety
male nude mice bearing subcutaneous U87MG glioblastoma for improving the in vivo kinetics of a 64Cu-RGD peptide tracer
xenografts were administered 64Cu-DOTA-PEG-RGD, and the without compromising the tumor-targeting ability and specificity
biodistributions of the radiotracer were evaluated from 30 min to of the peptide. Systematic investigations of the effects of the
4 h after injection. microPET (20 min of static imaging at 1 h after size and geometry of PEG on tumor targeting and in vivo kinet-
injection) and then quantitative autoradiography were used for ics will lead to the development of radiotracers suitable for
tumor visualization and quantification. The same tracer was also clinical applications such as visualizing and quantifying ca-inte-
applied to an orthotopic U87MG model for tumor detection, grin expression by PET. In addition, the same ligand labeled
Results: The radiotracer was synthesized with a high specific with therapeutic radionuclides may be applicable for integrin-
activity (14,800-29,600 GBq/mmol [400-800 Ci/mmol]). The targeted internal radiotherapy.
c(RGDyK)-PEG-DOTA ligand showed intermediate binding af-
finity for nvI33-integrin (50% inhibitory concentration, 67.5 -_ 7.8 Key Words: molecular imaging; PET; radiopharmaceuticals; an-
nmol/L [mean ± SD]). The pegylated RGD peptide demon- giogenesis; integrin; Arg-Gly-Asp; 54Cu; pegylation
strated rapid blood clearance (0.57 ± 0.15 percentage injected J Nucl Med 2004; 45:1776-1783
dose [%ID]/g [mean ± SD] at 30 min after injection and 0.03 -
0.02 %ID/g at 4 h after injection). Activity accumulation in the
tumor was rapid and high at early time points (2.74 +_ 0.45
%ID/g at 30 min after injection), and some activity washout was A
seen over time (1.62 ± 0.18 %ID/g at 4 h after injection). ngiogenesis, the formation and differentiation of blood
Compared with 64Cu-DOTA-RGD, this tracer showed improved vessels, plays a key role in tumor growth and metastasis
in vivo kinetics, with significantly reduced liver uptake (0.99 -_ spread and has become the new frontier for tumor control
0.08 %ID/g vs. 1.73 ± 0.39 %ID/g at 30 min after injection and (1,2). Angiogenesis is a complex process involving exten-

sive interplay among cells, soluble factors, and extracellular

Received Dec. 1,2003; revision accepted Jun. 2,2004. matrix components (3-11). Integrins are cell adhesion mol-
For correspondence or reprints contact: Peter S. Conti, MD, PhD, Depart- ecules known to be involved in multiple steps of angiogen-

ment of Radiology, University of Southern California, 1510 San Pablo St., esis and metastasis. The function of integrins during tumor
Suite 350, Los Angeles, CA 90033.
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integrin and us435-integrin, which arc highly expressed on ethylene glycol (PEG) is a suitable tool for modifying the

activated endothelial cells and tumor cells but not on qui- RGD peptide, with improved in vivo kinetics.

escent vessels and normnal cells (12). The expression of Chen et al. (23) recently modified a cyclic RGD peptide,

(%p3-integrin is required for angiogenesis induced by fibro- c(RGDyK), by introducing a monomethoxy PEG moiety

blast growth factor 2 and tumor necrosis factor cx, and the (mPEG; molecular weight [MW], 2,000) into the lysine

expression of ax,[3-integrin is required for angiogenesis E-amino group. The resulting RGD-mPEG conjugate

induced by vascular endothelial growth factor and trans- showed drastically decreased renal uptake and slightly in-

forming growth factor a (13). Monoclonal antibodies, pep- creased liver accumulation compared with the parental

tides, and peptidomimetic antagonists of (xv-integrins have RGD peptide. In this study, we inserted a heterobifunctional

been shown to block angiogenesis in both preclinical tumor PEG linker (MW, 3,400) between DOTA and c(RGDyK).

models and phase I and II clinical trials by inhibiting endo- The resulting DOTA-PEG-RGD conjugate then was radio-

thelium-specific integrin survival signaling (14,15). The labeled with 64
Cu (tl/2 , 12.8 h; 19% P3+) for microPET

ability to noninvasively visualize and quantify the cy,-inte- imaging studies with both subcutaneous and orthotopic

grin expression level during tumor growth and spread as U87MG glioblastoma models.

well as during anti-integrin treatment will provide new

opportunities to develop individualized therapeutic ap- MATERIALS AND METHODS
proaches, to select appropriate patients entering clinical Materials

trials for anti-integrin treatment, to establish optimized dos- c(RGDyK) was synthetically produced by solution cyclization

ages and dose intervals for effective treatment on the basis of fully protected linear pentapeptide ll-Gly-Asp(tert-butyloxy)-n-

of receptor occupancy studies, to detect early antiangio- Tyr(tert-butyloxy)-Lys(butoxycarbonyl)-Arg(2,2,4,6,7-pentameth-
genic responses and quantitatively evaluate treatment effi- yldihydrobenzofuran-5-sul lonyl)-Ol I. followed by trifluoroacetic

cacy, and finally to cooptimize imaging and therapy via acid (TFA) deprotection in the presence of the free radical scav-

structure--activity studies. enger triisopropylsilane (23). RGD-PEG conjugate was prepared
Arg-Gly-Asp (RGD) peptide antagonists of cY.-integrins by coupling of c(RGDyK) with t-butoxycarbonyl (t-13oc)-pro-

have been labeled with different radionuclides for both tected PEG-succinimidyl ester (MW, 3,400), followed by TFA
cleavage (24). 64Cu was produced on a CS-15 biomedical cyclo-

ig atron at the School of Medicine, Washington University, by the

tigators (16--20) labeled cyclic RGD peptides with 18F (half- 64Ni(p,n)14Cu nuclear reaction (25). All reagents, unless otherwise

life [ti/ 2], 119.7 miin; 99% P3') for microPET imaging in specified, were of analytic grade and were commercially available.
various solid tumor models, and high tumor-to-background DOTA was purchased fromn Macrocyclics, lnc. N-llydroxysulfo-

contrast was obtained. However, these radiotracers have succinimide (SNIIS). I-ethyl-3-[3-(dimethylainino)-propyl]carbo-

sonic drawbacks: the labeling procedure is tedious and diimide (EDC), and Chelex 100 (50-100 mesh) were obtained

relatively inefficient, tumor uptake is modest, and tumor from Aldrich.

retention time is short. Although the tracers were able to Chromalux 1B microplates were obtained from Dynex Tech-

localize av-integrin-positive tumors, their utility in reflect- nologics. '251-Echistatin, labeled by the lactoperoxidase method to
a specific activity of 74,000 GBq/mmol (2,000 Ci/mnmol), was

ing targeted radiotherapy is limited because no therapeutic obtained from Amersham Biosciences. Echistatin was purchased
fluorine isotope is available. Because of the existence of an from Sigma. Purified human e,[33-integrin in a Triton X-100

imaging and therapy radionuclide pair (64
Cu/

67Cu) for diag- formulation was obtained from Chemicon International.

nosing and treating cancer, 64Cu-labeled RGD peptides with Semipreparative reversed-phase high-pressure liquid chroma-

successful tumnor-targeting properties will eventually be tography (HIPLC) was accomplished by use of a Waters 515

able to determine dosimetry and tumor responses to the chromatography system with a 486 tunable absorbance detector.

same ligand labeled with therapeutic amounts of 67Cu for Purification was performed with a Vydac 218TP510 protein and

cxv-integrin-mediated internal radiotherapy. peptide column (5 tim; 250 X 10 mnn). The flow rate was 5

Cheii et al. (21) recently described the synthesis of a mL/min; the mobile phase was changed from 95% solvent A (0.1%
64Ch-lbenet a. (21eptideantly dcroP imagibedt snt of ar - TFA in water) and 5% solvent B (0.1% TFA in acetonitrile) (0-2

64Cu-labled RGD peptide and microPET imaging of ortho- amin) to 35% solvent A and 65% solvent B at 32 min. The analytic

topic MDA-MB-435 breast cancer tumor xenografts, with I-IPLC method was perfonmed with the same gradient system but

high tumor-to-contralateral background contrast. However, with a Vydac 218TP54 column (5 ptm; 250 X 4.6 mm) and a flow

this tracer also had a rapid tumor washout rate and showed rate of I mL/mnin. The absorbance was monitored at 218 nm.

persistent activity accumulation in the liver and kidneys. Radio-thin-layer chromatography (TLC) was performed by use of

The unfavorable in vivo pharmacokinetics of this tracer MKCI8F plates (Whatman), Bioscan System 200, and Winscan

limit the application of a 1,4,7,10-tetraazacyclododecane- software (version 2.2; BioScan Inc.). Reversed-phase extraction

N,N',N",N"-tetraacetic acid (DOTA)-RGD conjugate for tu- C18 SepPak cartridges were obtained from Waters.

mor imaging and radiotherapy. Haubner et al. (22) chose to Preparation of DOTA-PEG-RGD Conjugate
modify the RGD peptide with a glycosylate moiety to DOTA was activated in situ by EDC at a molar ratio for

increase hydrophilicity and thus reduce blood clearance and DOTA:EDC:SNHS of 10:5:4 (21). RGD-PEG conjugate (8 mg; 2

reduce hepatobiliary excretion. We have found that poly- Kimol) dissolved in 1,600 p.L of water (5 mg/mL) was cooled to
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4"Coand added to a DOTA-sullfosuccinimydyl ester (OSSu) reac- in 150 pl., of Eagle's minimum essential medium. When the
tion mixture (10 I.Lmol; calculated on the basis of SNIIS), and the tumors reached 0.4--0.6 cm in diameter (14-I8 d after implanta-
pHl was adjusted to 8.5 with IN NaOIL. The reaction mixture was tion), the mice were used for biodistribution and microPET imag-
incubated overnight at 4'C. DOTA-PEG-RGD conjugate was pu- ing experiments.
rifled by semipreparative IIPLC. The sample containing the RGD Details of the orthotopic (intracranial) xenotransplant model in
conjugate was collected, lyophilized, and dissolved in 1120 at a nu/nu mice were described previously (27). In brief, 10- U87MG
concentration of I mng/lnL for use in radiolabeling reactions, tumor cells in I V.L of RPMI medium were injected through a

33-gauge injection needle over 10 min into the nude mouse (4-6
6Cu Radiolabeling wk old) forebrain 1.5 min lateral and 0.5 mm anterior to the

DOTA-PEG-RGD was labeled with t,4Cu by the addition of bregma and at a depth of 2.5 mm by use of a continuous intusion
37--185 MBq (I--5 mCi) of "4Cu (5-25 lig of DOTA-PEG-RGD pump. The needle was removed, the burr hole was closed with
per 37 MBq of 64Cu) in 0.1 N sodium acetate (pll 5.5) buffer and bone wax, and the skin incision was closed with dermal glue. Mice
45 min of incubation at 50'C. The reaction was terminated by the were kept under ketamine-xylazine anesthesia during the proce-
addition of 5 i-LL of ethylenediaminetetraacetic acid solution (10 dure. This tumor cell number resulted in the growth of tumors in
mmol/L). The radiochemical yield was determined by radio-TLC all experimental animals and a highly reproducible growth rate. At
with MKCI8F TLC plates as the stationary phase and methanol: 5 wk after injection, when the tumnors reached 3 mm or more in
10% sodium acetate (70:30) as the eluent. 6 4Cu-DOTA-PEG-RGD diameter, the mice were used for microPET imaging studies.
was purified by use ofa Clý SepPak cartridge with 85% ethanol as Nude mice bearing subcutaneously xenografted human U87MG
the clution solvent. Radiochemical purity was determined by ra- glioblastomna tumors were injected intravenously with approxi-
dio-TLC or radio-Il PLC. The ethanol was evaporated, the activity mately 370 kBq (10 pCi) of 6"ICu-DOTA-PEG-RGD. Animals
was reconstituted with phosphate-buffecred saline, and the sample were euthanized at 30 min, I h, 2 h. and 4 h after injection. Blood.
was passed through a 0.22-pin Millipore filter into a sterile mnul- tumors, and m•ijor organs and tissues were collected and wet
tidose vial for use in animnal experiments, weighed, and counts were determined by use of a -y-counter. The

percentage injected dose per gram (%ID/g) was determined for
cAnou-te Partition `CoeffiA-cint ) 01-each sample. For each mouse, the radioactivity in the tissue sam-
About 370 kBq of m '4Cu-DOTA-c(RGDyK) or 64 Cu-DOTA- pIes was calibrated against a known quantity of the injected

PEGi-c(RGDyK) in 500 pt[1 of saline were added to 500 il- of Vle r eotda en±S o ruso
compound. Vle r eotda en:.:S o ruso

octanol in an Eppendorf microcentrifuge tube (Brinkman). The 2 anirmals. The receptor-iediated localization of the radiotracer

layers were mixed for 10 min at room temperature, the tube was was by inec tion of tA e with
• was investigated by in\jection of 6,4Cu-DOTA-PEG-RGD with

centrifuged at 14,000 rpm for 5 min (model 5415C Eppendorf c(RGDyK) at 10 mgekg in a subcutaneous U87MG tudor
microcentrifuge; Brinkman), and the counts in 100-tiL aliquots o cumodel. Biodistributions were determined as described above at
both organic and inorganic layers were determined by use of a Ihaer injeetion fo r 4 eper group.

"y-counter (Packard). The experiment was repeated 3 times.

microPET Imaging
Solid-Phase Receptor-Binding Assay PET was performed by use of a microPET R4 rodent model

The standard assay was performed as described previously with scanner (Concorde Microsystems Inc.). The scanner has a coin-
modifications (26). Microtiter-2 96-well plates (Dynatech Labora- puter-controlled bed and 10.8-cm transaxial and 8-cm axial fields
tories, Inc.) were coated with nUA3 -integrin (500 ng/mL; 100 tiL of view. It has no septa and operates exclusively in the 3-dimen-
per well) in coating buffer (Tris-l-ICI [p11 7.4] at 25 mmol/L, NaCI sional list mode. All raw data were first soiled into 3-dimensional
at 150 mitol/L, CaC12 at I mmol/L, MgCI2 at 0.5 inmol/L, and sinograms; this step was followed by Fourier rebinning and 2-di-
MnCI 2 at I mmol/L) for 16 h at 4'C. The wells then were blocked mensional (2D) filtered backprojection image reconstruction by
for 2 h with 200 IL of blocking buffer (coating buffer with 1% use of a ramp filter with the Nyquist limit (0.5 cycle per voxel) as
radioimmunoassay-grade bovine serum albumin). The plates then the cutoff frequency. For the subcutaneous tumor model, each

were washed twice with binding buffer (coating buffer with 0.1% mouse was injected with 14.8 MBq (400 p.Ci) of 64Cu-DOTA-
bovine serum albumin) and incubated with i251-echistatin (0.06 PEG-RGD via the tail vein, sacrificed at I h after injection by
nmol/L) in the presence of various concentrations of RGD peptide cervical dislocation under ketaimine-xylazine anesthesia, and
(0.1 nmol/L-5 pnmol/L) at room temperature for 3 h. After incu- placed near the center of the field of view of the microPET
bation, the plates were washed 3 times with binding buffer, and the scanner, where the highest image resolution and sensitivity are
radioactivity was solubilized with 2N boiling NaOtl and subjected available. The mouse was scanned for 20 min and then subjected
to -y-counting. Nonspecific binding of '251-echistatin to U,0 3-inte- to whole-body autoradiography. The raw data were framed into
grin was determined in the presence of echistatin at 100 nmol/L, one static frame without attenuation correction. For the orthotopic
The 50% inhibitory concentrations were calculated by nonlinear U87MG tumor model, a 20-mmin static image was obtained at I h
regression analysis by use of the GraphPad Prism computer fitting after injection. The brain tumor was excised postmortem, fixed in
program (GraphPad Software, Inc.). Each data point represents the buffered forinalin, and embedded in paraffin for hexatoxylin-
average value for triplicate wells. eosin staining.

Biodistribution Studies Autoradiography
Animal experiments were conducted under a protocol approved Autoradiography was performed by use of a Packard Cyclone

by the University of Southern California Institutional Animal Care Storage Phosphor Screen system and a Bright 5030/WD/MR cryo-
and Use Committee. Female athymic nude mice (nu/nu) obtained microtome (ttacker Instruments). Immediately after microPET
from Harlan at 4-6 wk of age were injected subcutaneously in the scanning, the sacrificed mice with subcutaneous U87MG tumors
right front leg with 5 X 106 U87MG glioblastoma cells suspended were frozen in a dry ice-isopropyl alcohol bath for 2 min. The
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, bodis then were embedded in 4 cbyetl o 1

drich) in water by use of a stainless steel mold. The mold was 0 Echistatin

placed in the dry ice-isopropyl alcohol bath for 5 el in and then into V A c(RGDyK)-

Statistic l Analysi

a -20u C freeze, fr Il h. The walls oftthn M ns were mpare bemoved. and

beedehitai, (RcK( cRRyGDOTA, and DOTA-PG

the frozen block was nmounted in tihe croromicrotorre. The block U

was cut into sections of 50 f, and thegdesired sections were a6s0-

digitally photographed and captured for autoradiography. The see- Lmi
tions were transferred into a chilled fimd cassette containing a G- 40

Packard Super Resolution Screen (spatial resolution, 0.n1 m) and2
kept there overnight at -20'C. Screens were laser scanned by use C Dai

of' the Packard Cyclone syste-(. 0, ) T c t a o c( "y " a

Statistical Analysis -11 -10 -9 -8 7 -'6 -.5

The data were expressed as DOTan -_ SD. A c -way ANOVA was log [M]

Used for Statistical evaluation. Means were compared by use of the FIGURE 2. Competition between w 2as-echistatin and unla-
Student I test. A P value of<0.05 was considered significantA beled echistatin, c(RGDyK), c(RGDyK)-DOTA, and DOTA-PEG-

c(RGDyK) for specific binding to purified ond pe -integrin, as de-

RESULTS termined by a solid-phase receptor assay. All measurements
were made in triplicate. M i molar concentration.

DOTA Conjugation and to Cu Labeling
The synthesis of PEG-RGD may bec performed by Competitive Displacement and Hydrophilicity Studies

coupling of t-Boc-NH-PEG-COSu (bNW, 3,400) with To compare the affinities of c(RGDyK)-DOTA and

c(RGDyK), followed by TFA cleavage to unblock the t-Boc c(RGDyK)-PEG-D OTA for oa-integrin, a competitive

protecting group (24). A DOTA-PEG-RGD conjugate (Fig. 1) displacement study was performed (Fig. 2). The binding of

was produced in the presence of in excess amount of a2e f-echistatin to wp.1-integrin was competed for by cold

DOTA-OSSu activated in situ. The MW of the DOTA echistatin, c(RGDyK), c(RGDyK)-DOTA, and c(RGDyK)-

conjugate, evaluated by matrix-assisted laser desorption PEG-DOTA in a concentration-dependent manner. All of

ionization--5ti0e-o8flight mass spectroscopy, increased the peptides were able to fully suppress the binding of the

fropi 4,000 to 4,400. The mass spectroe etry peak was broad radioligand to purified human 0,3-in . The concentra-

(spectrum not shown) because of the polydispersity of PEG tions required for half-imal competition (50% inhibi-

(28). The increase in MW, of approximately 400, corre- tory concentrations) were calculated to be 1.01 r 0.23
sponds to the Conjugation of the mnacrocylic chelator DOTA innol/L for echistatin, 30.3 _+_- 5.8 nmol/L for c(RGDyK),

and is accompanied by the disappearance of amino group 31.2 F 7.4 nmolTL for c(RGDyK)-DOTA, and 67.5 d-

reactivity, demonstrated by the 6-trinitrobenizene sulfonic 10.5 nmnolL for c(RGDyK)-PEG-DOTA. Both the lead
acid reaction (28). Contemporaneously, a slight change in compound c(RGDyK)-DOTA and the pegylated anialog

the retention time (from 21.9 min for PEG-RGD to 21.5 min c(RGDyK)-PEG-DOTA showed high k ydrophilicity, as indi-

for DOTA-PEG-RGD) and a sharpening of the peak in cated from octanol-water partition coefficient measurements.
rever~sed-phiase HPLC elution were found . 64 Cu-DOTA- LogP values for c(RGDyK)-DOTA and c(RGDyK)-PEG-

PEG-RGD was prepared at radiochHmical purities of about DOTA were -2.8 r 0.04 and -2.97 a 0.30, respectively.
50%, 80%, 95%, and ---98% when 5, 10, 15, and 20 ILg Of Biodistributions of 64Cu-DOTA-PEG-RGD

peptide per 37 MBq Of 64CU were used. The specific activity The distributions of radioactivity in selected mouse or-
of 64Cu-DOTA-PEG-RGD ranged from 14,800 to 29,600 gans and U87MG glioblastora xenografts at various times
GBq/Hmol (400-800 Ci/mmol). after the adhg inistration of 64Cu-D OTA-PEG-RGD are

shown in Figure 3. The radisotracer exhibited a rapid de-
crease in radioactivity over time in blood and most organs.
At early time points, the high kidney activity was evidently

oc- l-es4\ attributable to the elimination of radiolabeled peptide in theD-Tyr C./-.jH.-/!,•- N (.N, urine. Analogously, radioactivity accumulated in the liver
HO-_ \ý _,_,,NH 0y HN "N N

o -a O NE ( 3 •4 i d- t T cox, could have been caused by the radioactivity remaining in

o t hN t the blood as well as by partial bile excretion of the agent.
HO Nio.-Y,--,_ N), H, The highest tumnor uptake of 64 Cu-DOTA-PEG-RGD

Asp o,•N 1 (2.74 -1 0.45 %ID/g) was found at 30 min after injection
Gly Agand decreased to 1.62 _± 0.18 %lD/g at 4 h after injection,
FIGRE . cheati srucureofDOT-PE-RD. eteo-suggesting that the 64CU was present in the tumor tip to at

FIGURE ~ ~ ~ ~ ~ les 1. Sceai struter ofnjection..Hetro
functional PEG (MW, 3,400) is linked to the DOTA carboxylate lat4hatrijcin
group through the N terminus and to the lysine side chain A comparison of the kinetics of excretion of 64 Cu-DOTA-

c-amino group of c(RGDyK) through the C terminus. PEG-RGD and 64Cu-DOTA-RGD in the blood, liver, kid-
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lated RGD peptide showed more rapid renal clearance,

D30 i resulting in significantly lower kidney activity accumulation

3 1 1 h at 4 h. The liver uptake of the pegylated RGD peptide was
. 2 h significantly lower than that of 64Cu-DOTA-RGD at all time

S2 4 h points. Although the liver uptake of 64Cu-DOTA-RGD in-
creased over time (2.57 + 0.49 %ID/g at 4 h after injection),

1 64Cu-DOTA-PEG-RGD liver uptake decreased over time
(0.58 _1 0.07 %lD/g at 4 h after injection). Intestinal activity

0 accumulation of the pegylated RGD pepticle was signifi-go ,* , cantly higher than that of the lead compound at all time

0 CP -V , points (P < 0.001). Pegylation had a minimal effect on
tumor uptake and clearance.

FIGURE 3. Biodistributions of 64Cu-DOTA-PEG-RGD in nude Coinjection of c(RGDyK) (10 mg/kg) with 64Cu-DOTA-
mice bearing subcutaneously xenotransplanted U87MG tu- PEG-RGD resulted in a significant decrease in radioactivity
mars. The data are reported as mean ± SD (n = 4). Sm int = in all dissected tissues, except the kidneys (Fig. 5). Uptake
small intestine. in tumors was reduced most dramatically, from 2.21 - 0.38

%oID/! to 0.22 _± 0.03 %ID/g. The blocking experiment

neys, small intestine, and U87MG tumors is show,, in showed that the uptake and retention of 64Cu-DOTA-PEG-
Figure 4. The blood activity of 1'4Cu-DOTA-PEG-RGD RGD were receptor dependent in tumors as well as several
(0.57 ± 0.15 %ID/g) was significantly higher than that of normal organs, such as the liver, spleen, and lungs.
64Cu-DOTA-RGD (0.35 ± 0.09 %ID/g) at 30 min after microPET Imaging and Whole-Body Autoradiography
injection. The pegylated RGD peptide showed more rapid A 21) projection of the microPET image (20-min static
blood clearance than 64Cu-DOTA-RGD, as the blood activ- single frame) of a female athymic nude mouse bearing an
ity was as low as 0.02 ± 0.02 %ID/g at 2 h after injection U87MG tumor on the right shoulder at 60 min after intra-
for 64Cu-DOTA-PEG-RGD; the blood activity for 64C1u- venous injection of 14.8 Ml3q (400 I.Ci) of 64Cu-DOTA-
DOTA-RGD was 0.20 ± 0.03 %lD/g at 2 h after injection PEG-RGD is shown in Figure 6A. The tumor was clearly
and remained unchanged at 4 h after injection. The kidney visible, with high contrast relative to the contralateral back-
uptake of 6'

4
(1u-DOTA-PEG-RGD was higher than that of ground. Prominent uptake was also observed in the kidneys,64Cu-DOTA-RGD at early time points, although the pegy- intestinal tract, and urinary bladder; these data agreed well

with the data obtained from direct tissue sampling. No
activity accumulation was observed in the normal brain,

0.8 1 Blood 4 Liver probably because of the presence of an intact blood-brain
0.6- M 3 - barrier and a low level of cx-integrin expression.

a 04- 2 - Quantitation of tumor and major organ activity accumu-
0.21 1 - lation in microPET scanning was realized by measuring

0 0o regions of interest that encompassed the entire organ in the
0 60 120 180 240 0 60 120 180 240

time (min) time (min)

4-~ Kidneys 4- Tumor

3-3- 3 -Control]1 2 Block

60 120 180 240 0 60 120 180 240 T
time (min) time (mrin) rL

3- Smint

0 b
1-

0_ . . . . FIGURE 5. Biodistributions of 64Cu-DOTA-PEG-RGD in the
0 60 120 180 240 absence and in the presence of c(RGDyK) at 10 mg/kg at 1 h

time (min) after injection in athymic nude mice with subcutaneous U87MG
glioblastoma tumors. Reduced uptake in tumor, liver, muscle,

FIGURE 4. Comparison of biodistributions of 64Cu-DOTA- and spleen in the blocking experiment indicated rv-integrin-
PEG-RGD (0) and 64Cu-DOTA-RGD (0) in nude mice. Error bars mediated localization of 64Cu-DOTA-PEG-RGD in these tissues.
denote SDs (n = 4). Sm int = small intestine. Error bars denote SDs (n = 4). Data are mean ± SD (n = 4).
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FIGURE 8. Histopathologic analysis of orthotopically injected
U87MG brain tumor cells after microPET imaging. From left to
right, panels show original, 4x, and 20x magnification. Tumor size

FIGURE 6. (A) 2D projection of U87MG tumor-bearing mouse and density of tumor cells were in accordance with volumetric and
at 60 min after injection of 14.8 MBq (400 iCi) of 64Cu-DOTA- uptake information obtained from microPET scanning.
PEG-RGD (20-min static image). (B) Coronal image of the same
tumor-bearing mouse. (C) Digital autoradiograph of the section
containing the tumor after microPET imaging. (D) Anatomic labeled pegylated RGD peptide is able to image a subcuta-
photograph of the section. neous U87MG tumor xenograft and to visualize an ortho-

topic brain tumor implanted into the mouse forebrain by
coronal orientation. Uptake in U87MG tumors, liver, and microPET scanning.
kidneys was calculated to be 2.6 ± 0.6, 0.8 ± 0.2, and 2.4 ± The overexpression of (",-integrins ((X,3 3 and cyps) on
0.5 %lD/g, respectively. These data were in good accor- solid tumor cells and activated endothelial cells has aroused
dance with the biodistribution data obtained at I h after interest in the development of radiolabeled RGD peptides
injection. To demonstrate that the uptake detected by mi- for imaging and therapy of cancer. Various investigators
croPET scanning of a living mouse corresponded to 64Cu- have shown that iSF-labeled RGD peptides can accumulate
DOTA-PEG-RGD that had localized appropriately to an in different tumors, such as breast cancer (16,20), brain
integrin-positive tumor after inicroPET scanning, the mouse tumor (17,23), and melanoma and osteosarcona (18,19).
was subjected to digital whole-body autoradiography. A However, the introduction of a prosthetic 4-.iF-fluoroben-
comparison of the microPET image encompassing the zoyl group to the lysine side chain E-amino group resulted in
U87MG tumor xenograft (Fig. 6B) and the corresponding unfavorable hepatobiliary excretion, as indicated by high
autoradiographic section (Fig. 6C) clearly demonstrated the uptake in the gallbladder and intestines; this situation may
correlation between the regions of high uptake observed in hamper the imaging of tumor lesions located in the lower
the scan and autoradiographically detected tumor-associated abdomen and limit the activity dose that can be adminis-
radioactivity. tered safely because of whole-body radiation exposure.

microPET imaging was also successful in visualizing an Haubner et al. demonstrated that substituting a hydrophilic
ot-thotopic U87MG glioblastoma implanted into the mouse sugar moiety for the lysine resulted in predominant renal
forebrain (Fig. 7). Although the absolute tumor uptake clearance for both i251-labeled (22) and sFI-labeled (18,19)
(0.4 -_ 0.1 %ID/g) was significantly lower than that of the glycosylated RGD peptides. On the other hand, we found
subcutaneous tumor, the tumor-to-brain ratio still reached that the tumnor-targeting ability and in vivo kinetics of an
4.0 ± 0.5 because of the extremely low background activity RGD peptide could be substantially improved by introduc-
accumulation in the normal brain tissue. Histologic staining ing a PEG moiety into the lysine side chain amino group.
of the mouse brain (Fig. 8) removed at the end of the scan We coupled a c(RGDyK) peptide with mPEG (MW, 2,000)
confirmed the presence and location of the U87MG tumor, and labeled the c(RGDyK)-mPEG conjugate with 12511. The
which measured 2.9 X 2.8 mr. pegylated RGD peptide resulted in faster blood clearance

DISCUSSION and lower kidney uptake, without compromising the recep-
tor-targeting ability, than c(RGDyK) (23). We also found

This study demonstrated that pegylation improves the in that iSF-labeled pegylated RGD (PEG MW, 3,400) resulted
vivo kinetics of 64Cu-labeled RGD peptide and that 64Cu- in a longer tumor retention time and far less hepatobiliary

excretion than the corresponding 'IF-labeled RGD (24).
Because no therapeutic fluorine isotope is available, ',F-

labeled RGD peptides will not be able to provide direct
dosimetry information for integrin-targeted internal radio-
therapy. 64Cu with 19% positron emission and 40% [-emis-
sion (maximum energy, 578 keV) efficiencies has the po-

tential for both PET and therapy. Chen et al. previously

conjugated c(RGDyK) with macrocyclic chelator DOTA

FIGURE 7. Transaxial, coronal, and sagittal slices (from left to and labeled the DOTA-ROD conjugate with 64CU for PET

right) of a mouse containing an orthotopically implanted U87MG of breast cancer tumors (21). This tracer showed significant
tumor (arrows). The tumor is about 3 mm in diameter; the liver uptake. Recent metabolic studies of iiIn-diethylene-
tumor-to-brain ratio is 4.0 ± 0.5. triaminepentaacetic acid (DTPA)-conjugated polypeptides
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indipated that when DTPA was attached to the lysine of the non in which an increase in the negative charge density of

polypeptides, a I'In-DTPA adduct of lysine was generated proteins by acylation efficiently increases liver uptake (37).

as the final radiometabolite after lysosomal proteolysis of The features of rapid blood and renal clearance and

the parental peptides in the liver (29). We assume that the limited hepatic and biliary excretion permit high signal-to-

prominent liver retention after intravenous administration of noise ratios for in vivo imaging soon after injection (1 h).
64Cu-DOTA-RGD seen here may be ascribed to the corn- The activities quantified in the mouse tumor, liver, and

bined effects of the transchelation of 1'
4Cu from DOTA to kidneys were comparable to those obtained by the direct

superoxide dismutase (30) in the liver and the persistent tissue sampling technique. microPET imaging used with the

localization of the final radiometal metabolite 64Cu-DOTA- orthotopic U87MG tumor model revealed a good tumnor-to-

lysine within the tissue. Therefore, the practical use of 64 Cu brain ratio: the magnitude of uptake of the orthotopic tumor

as an imaging and therapeutic isotope relies on the devel- was about 5 or 6 times lower than that of the subcutaneous

opment of new chelating agents for Cu(ll) that have greater tumor. Whether the blood- brain barrier or different integrin

kinetic stability as well as on the prevention of the delivery expression characteristics of orthotopic brain tumors and

of negatively charged metabolites to liver nonparenchymal subcutaneous tumors are responsible for this difference in

cells via scavenger receptor-mediated endocytosis (31). uptake needs to be investigated further.

Intrigued by the ability of pegylation to improve the The receptor specificity of the RGD peptide was not

tumor-targeting and in vivo kinetics of both 1251- and 'SF- significantly affected by the introduction of a PEG moiety

labeled RGD peptides, we extended our study to observe the and a 64Cu-DOTA radiolabel, because of the invariance of

impact of pegylation on t Ciu-DOTA-RGD. The results of the "kinked" conformation of the pentapeptide (38). The

an isolated, immobilized integrin receptor-binding assay unaltered tumor uptake and clearance and the favorable

indicated that introduction of the PEG moiety at the lysine biokinetics make this radiopharmaceutical suitable for PET

side chain amino group had a modest influence on Q,[3- of solid tumors that overexpress u -integrin and for inte-

integrin affinity and selectivity. All of the RGD peptide grin-targeted internal radiotherapy when therapeutic

ligands bound cmv03-integrin with a significantly lower af- amounts of "4Cu- or 6 TCu-labeled pegylated RGD peptide

finity than echistatin, which is folded in a series of irregular are applied. A radionuclide with PET and therapeutic ca-

loops to form a rigid core stabilized by 4 disulfide bridges pacities, such as 64Cu, could be very advantageous, because
lop accurate individualized dosimetry could be obtained for

(32). It is also worth noting that the introduction of a PEG each patient with PET before radiotherapy. The DOTA-
moiety with an MW of 3,400 significantly reduced the PEG-RGD conjugate could also be used with 86y (t1 /2 ,

circulatory t1/2 of the pegylated radiotracer, in contrast to theZý 14.7 h; 33% P3+) as a surrogate marker to detect the uptake
results reported for many other pegylated proteins and and dosimetry of 90Y-labeled RGD.
polypeptides (33). Since the octanol -water partition coeffi- We recognize that 2 important issues remain unresolved.

cients of the cyclic RGD peptide and pegylated RGD pep- The first issue is whether the magnitude of tumor uptake
tide tracers were similar, the more rapid blood clearance of obtained from PET correlates well with the tumor integrin

the pegylated RGD peptide could have been attributable to expression level. The ability to measure tumor integrin recep-

the fact that this compound showed reduced interactions tor density noninvasively could have great value in predicting
with blood elements (plasma proteins or blood cells) rather the effectiveness of RGD peptide therapy in patients with brain
than changes in hydrophilicity on modification. tumors and other solid tumnors that express o,-integrins. Our

Both 64Cu-DOTA-RGD and 64Cu-DOTA-PEG-RGD recent quantitative analysis of tracer kinetics with the reference

were cleared rapidly from the kidneys. In general. PEG tissue sampling technique, which assumes that the radiolabel is

shows little toxicity and is eliminated from the body intact not iireversibly trapped within the reference region and that the

either by the kidneys (for PEG of <30 kDa) or in the feces rate of turnover of the exchanging spaces in both the tumor and

(for PEG of >20 kDa) (34-36); subsequent reabsorption the reference tissue is rapid compared with the duration of the

occurs in the proximal tubular cells, where the pegylated time-activity curves (X. Chen, P.S. Conti, unpublished data,
peptide is internalized and degraded in the lysosomes. Fol- 2003), has suggested the feasibility of this reference method

lowing this pathway, the main radiolabeled catabolite of (39) for quantifying av-integrin receptor density during tumor
64Cu-DOTA-PEG-RGD probably is 64Cu-DOTA-PEG-Lys. growth and in response to competition from a nonlabeled RGD
64Cu-DOTA-Lys and 64Cu-DOTA-PEG-Lys have the same peptide or anti-integrin drugs targeted to ox,-integrins. Our

overall negative charge (- 1), but 64Cu-DOTA-PEG-RGD future studies will focus on the validation of the results of such

had significantly lower liver uptake and more rapid liver an analysis with traditional Western blots and in vitro receptor
clearance. We assume that the PEG polymer, along with the autoradiography.

associated water molecules, acts like a shield to wrap the The second issue is whether the tumor retention of a
64Cu-DOTA chelate and reduces the apparent negative suitably labeled RGD peptide is attributable to interactions

charge, and the negative charge density thus reduces the with x,,-integrins expressed on the neovasculature, on the
apparent affinity of the radiometal metabolite for hepatic tumor cells, or on a combination of both cell types. The

scavenger receptors. This notion agrees with the phenome- intrinsic resolution of PET will not allow this question to be
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