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The aV@33
integrinsplay an importantroleduringtumor metastasis grins; 1251
and tumor-induced angiogenesis. Targeting of this receptor may J NucI Med 1999;40:1061-1071
provide information about the receptor status of the tumor and
enablespecifictherapeuticplanning.Cyclo(-Arg-Gly-Asp-D-Phe
Val-) has been shown to be a selective aV@33
integrin antagonist
with high affinity. In this study we describe the synthesis and
adiolabeled derivatives of regulatory peptides, such as
biological evaluation of [125l]-3-iodo-D-Tyr@-cyclo(-Arg-Gly-Asp-Dthe
vasoactive
intestinal peptide and especially somatostatin,
Tyr-Val-) ([1251]p2),[125l]-3-iodo-Tyr@-cyclo(-Arg-Gly-Asp-D-Phe
are
used
for
tumor
targeting (1). However, not all neoplasms
Tyr-)([1251]P4)
and the negative control peptide [125l]-3-iodo-D-Tyr@cyclo(-Arg-D-Ala-Asp-Tyr-Val-)
([125l]P6).
Methods: Peptideswere express the corresponding receptors. Therefore, it is manda
assembled on a solid support using fluorenylmethoxycarbonyl tory to search for additional receptors that are overexpressed
amino acid coupling protocols. Radioiodinationwas performed on tumor cells. Members of the cell adhesion receptor
usingthe iodogenmethod.The in vitro bindingassays were families could be promising candidates.
performed using isolated, immobilized ab@l3 and aVI33integrins.
Cell-cell and cell-matrix interactions play an important
Expression of the aV@33
receptor on the different tumors was
role in tumor metastasis(2,3). These interactionsare essen
validatedby immunohistochemical
methodsusinga@and aV133
specificantibodies.For biodistnbution
studies,nude mice with tial during dissociation of individual cells from the primary
melanomaM21 or mammarycarcinomaMaCaF and BALB/c tumor and invasion of the adjacent tissue, for adherence in
mice with osteosarcoma were used. Results: The in vitro binding the capillary bed of the target organ and during extravasation
assays demonstrate that the introduction of tyrosine and subse
and arrest in the foreign tissue (Fig. 1). One cell surface
quent iodinationhave no influenceon the high affinityand receptor class participating in these cell adhesion processes
selectivity for av@33.lmmunohistochemical
staining clearly mdi
is the integrins (2â€”4).They are heterodimeric, transmem
catesthepresenceoftheaV@33
integrmns
onthetumortissueofthe
brane glycoproteins consisting of an a- and a @3-subunit
melanoma and the osteosarcoma. Pretreatment and displace
ment studiesshow specificbindingof [1251]P2
on melanoma (5,6). The most interesting members of this family are the
M21-bearingnude miceand osteosarcoma-beanngBALB/cmice glycoprotein IIbfIIIa (aIth@33),involved in platelet aggrega
but less specific binding on mammary carcinomas. [125I]P2 tion (5, 7), and the vitronectin receptor a@43@.
exhibitsfasteliminationkinetics.Theaccumulationin thetumor
The aV133 integrin is implicated in many pathological
10 mm postinjectionis 2.07 Â±0.32 %ID/gforthe melanomaM21 processes, such as osteoporosis (8), misregulated angiogen
and 3.50 Â±0.49 %ID/g for the osteosarcomaand decreasesto esis (9) (e.g., rheumatoidarthritis or retinopathy)as well as
1.30 Â±0.13 %ID/g and 2.03 Â±0.49 %ID/g 60 mm postinjection,

tumor growth (10, 11) and tumor metastasis (12, 13). This
respectively.[125l]P4shows even faster eliminationkinetics,
resulting in a tumor accumulation of 0.40 Â±0.10 %lD/g 60 mm receptor is highly expressed on many tumor cells (14,15),
postinjection
for the osteosarcoma-bearing
BALB/cmice. Both such as osteosarcomas,neuroblastomas,carcinomasof the
peptides reveal predominately hepatobiliary excretion. For [125l]p2, lung, the breast, the prostate and the bladder, as well as
this also is confirmed by autoradiography.The negative control glioblastomas (16) and invasive melanomas (12). Several
peptide [1251]p6shows no specific activity accumulation. Conclu
investigations have shown a correlation between the expres
sion: [1251]P2
exhibitshigh affinityand selectivityfor the aV@33sion of @v13@
and the metastatic potential of melanomas
integrinin vitro and in vivo and, thus, representsthe first
(12, 13,17) and gastric carcinomas (18). In addition, it has
radiolabeledaV@33
antagonistfor the investigationof angiogenesis
been shown that the aV@33
integrin is also important during
and metastasis in vivo.
tumor-induced angiogenesis (9,10). The involved endothe
hal cells express aV133to adhere on the extracellular matrix
Received Apr. 30, 1998; revision accepted Oct. 20, 1998.
during migration toward the tumor (Fig. 1). In the chick
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FIGURE 1. Targets for tumor imaging
based on av133tracers (labeled RGD pep
tides).a@@33
integrinsare highlyexpressed
on metastatictumors (A) and on endothelial
cells undergoing angiogenesis (B).
results
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tumors
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angiogenesis
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the tumor, leading to the starvation of the tumor.
Several investigators are searching for selective a@43@
antagonists with high affinity for therapeutic use (19).
However, for successful therapy, the determination of the
@vI33
receptor status on the tumor cells and the surrounding
endothelial cells of the spreading blood vessels is important.
The development of radiolabeled aV@33antagonists, in
combination with PET, should allow targeting of av@33
positive

tumorinduced

endothelial

cells)

and an in vivo quantification of the receptor density and,
thus, provide a helpful tool for therapeutic planning. In
addition, these tracers should permit in vivo control of the
therapeutic successes.
In this study, we describe the synthesis and characteriza
tion of the 1251-labeled peptidic aV@33antagonists and their
biological evaluation in vitro and in vivo.
The integrins bind to a wide variety of extracellular
matrix proteins (5). A common receptor recognition motif of

thesematrix proteinsis the peptide sequenceArg-Gly-Asp
(single letter coding: RGD) (20). These findings gave rise to
the search for small ROD-containing integrin antagonists
(19). Our first investigations of the ROD peptides led to the
selective

@v133
antagonist

cyclo(-Arg-Gly-Asp-D-Phe-Val-)

with IC50 values in the lower nanomolar range (21â€”23).
Additional results showed that, besides the essential ROD
sequence, a hydrophobic amino acid in position 4 increases
the affinity, whereas the amino acid in position 5 has no
influence on the affinity (24).
These studies provide a peptide that can be modified for
use as a radioactive tracer in PET and SPECT (Fig. 2). On
the one hand, substitution of the amino acid in position 4
(D-Phe in lead structure) or 5 (Val in lead structure) with
tyrosine allows electrophilic radiohalogenation (e.g., 1231,
1311) On the other hand, replacement

hydrophobic amino acid
in position 4

Tyr for iodination
c(-R-G-D-f-Y-)

D-Tyrfor
lodination

amino acid in
position 5 is variable
Lys for fluor labeling

*â€¢â€¢â€¢_â€¢
or

c(-R-G-D-y-V-)
FIGURE 2. Structureof cyclo(-Arg-Gly
Asp-D-Phe-Val-).Possibletargetsfor modifi
cation are amino acids in positions 4 and 5.
For first biodistnbution experiments, D-Phe4
as well as VaI5are substituted with tyrosine,
resulting in cyclo(-Arg-Gly-Asp-D-Tyr-Val-)
(P1) and cyclo(-Arg-Gly-Asp-D-Phe-Tyr-)
(P3), respectively. Large open circles =
carbon; small open circles = hydrogen;
dark gray circles = nitrogen; light gray
circles = oxygen.
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of the amino acid in

position 5 with lysine offers a further alternative for
radiolabeling by prosthetic groups (e.g., â€˜8F,
123!)or conjuga
tion with chelators for metal isotopes (e.g., 99mTc, WIn)

introduction

chelator systems
c(-R-O-D-f-K-)

As3
G1y2
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of

(dd, lH, 5.7 Hz, 14.7 Hz), 4.12 ppm (dd, 1H, 5.8 Hz, 7.6 Hz), 6.77
(25,26). For the first biodistribution
studies, we chose the
two radioiodinated tyrosine derivatives [â€˜251]-3-iodo-D-Tyrâ€•-ppm (d, 1H, 8.4 Hz), 7.02 ppm (dd, 1H, 2.2 Hz, 8.4 Hz), 7.54 ppm
(d, lH, 2.2 Hz).
cyclo(-Arg-Oly-Asp-D-Tyr-Val-)
([l25I]}@) and [â€˜25I]-3-iodo
Tyr5-cyclo(-Arg-Oly-Asp-D-Phe-Tyr-)

ment and displacement

([1251]P4).

Pretreat

experiments were performed using

cyclo(-Arg-Oly-Asp-D-Phe-Val-),

which reveals high affini

tyfor the aV@33
integrin. The extent of nonspecific binding
was quantified with the radioiodinated negative control
peptide [â€˜25I]-3-iodo-Tyr'@-cyclo(-Arg-D-Ala-Asp-Tyr-Val-)

([â€˜251]P6).
MATERIALS

AND

N-terminal Protection with Fmoc-Cl. N-terminal protection
followed the synthesis described by Chang et al. (28). Briefly, 6.9

mmol 3-iodo-tyrosine were dissolved in 10 mL 10% sodium
bicarbonate and 5 mL dioxane at 0Â°C.Fmoc-Cl (6.9 mmol) in 7 mL
dioxane was added, and the solution was stirred for 1 h at 0Â°Cand
further stirred overnight at ambient temperature. The reaction
mixture was poured into ice water and extracted with ethyl ether.

The aqueous layer was acidified with hydrochloric acid to pH 2 and
extracted with ethyl ether. The combined organic layers were
washed with 0.1 N HCI solution and water, dried with MgSO4 and

METHODS

evaporated to dryness under reduced pressure: yield 3 g (8 1.9%)

All chemicals were used as supplied without further purification.
Except for N-methylpyrrolidone (NMP), all organic solvents were
distilled before use. The 9-fluorenylmethoxycarbonyl(Fmoc) amino
acids were purchased from Bachem (Heidelberg, Germany), Nova
biochem (Bad Soden, Germany) and Alexis (Grunberg, Germany).

(95% pure accordingto HPLC); HPLC: tR = 24.0 mm; K'
9.9
(30%â€”80%
MeCN; 30 mm); â€˜H-NMR
(DMSO-d@)
8 2.72ppm (dd,
1H), 2.94 ppm (dd, lH), 4. 10 ppm (m, lH), 4.20 ppm (m, 3H), 6.78
ppm (d, 1H), 7.10 ppm (dd, lH), 7.24â€”7.46ppm (m, 4H),
7.57â€”7.74 ppm (m, 4H), 7.90 ppm(d,

2H), 10.11 ppm (s, lH).

The tritylchloride polystyrol (TCP) resin was purchased from
PepChem (Thbingen, Germany). The l-hydroxybenzotriazol

(HOBt)

was synthesized using the method described by KOnigand Geiger
(27). O-(lH-benzo-triazol-l-yl)-N,N,N',N'-tetramethyluronium tet
rafluoroborate

(TBTU)

and diphenyl

phosphorazidate

(DPPA)

were purchased from Alexis and Aldrich (Steinheim, Germany),

SynthesIs of the CyclIc Pentapeptides
Loading of the TCP Resin. Fmoc-Gly-OH or Fmoc-D-Ala-OH
(1.3 mmol) was dissolved in 7 mL dry dichioromethane (DCM) and
190 pL (1.1 mmol) diisopropylethylamine

(DffiA). The solution

respectively.
Sodiumiodide-125waspurchased
fromAmersham was added to 1.0 g resin (1 mmol Cl/g resin) in a flask. After 5
(Buckinghamshire,

UK). All other organic reagents were purchased

from Merck (Darmstadt, Germany), Aldrich or Fluka (Neu-Ulm,
Germany).
Mass spectra were recorded on the LC-MS system LCQ from
Finnigan (Bremen, Germany) using the Hewlett Packard series
1100 HPLC system. NMR-spectra were recorded on a Bruker AC
250 (Karlsruhe,Germany)at 300 K. For all experiments,the
solvent signal was used for calibration.
Analytic reversed-phase high-performance liquid chromatogra
phy (RP-HPLC) was performed on Beckmann (MÃ¼nchen,Ger
many) or Sykam equipment (Gilching, Germany), using columns
with YMC-Pack ODS-A (5 pm, 250 X 4 mm) or LiChrospher 100
RP 18 (7 @.tni,
250 X 4 mm). For radioactivity measurements, the
outlet of the ultraviolet detector was connected to a well type
NaI(Tl) detector from EG&G (MUnchen, Germany). For analytic
data, several acetonitrile/water gradients with 0.1% trifluoroacetic
acid (TFA) were used.
Preparative RP-HPLC was performed with the Sykam HPLC

systemortheBeckmanSystem.ColumnswereYMC-PackODS-A
(5

@m,250 x 30 mm) or Macherey-Nagel

Nucleosil

18 (7 pm, 250 X 4 mm) for [â€˜@I]P2,
[â€˜@I]P4
and [â€˜@I]P6
with the
samesolvent system as above.

Synthesis of Fmoc-3-iodo-Tyr-OH and
Fmoc-3-Iodo--Tyr-OH
lodination of Tymsine. First, 6.4 g (52 mmol) iodine in 50 mL

ethanol were added slowly to a solution of4.7 g (26 mmol) tyrosine
in 500 mL 25% aqueous ammonia and

stirred continuously. After 1 h, the solution was concentrated in
vacuo until precipitation started. Crystallization was accomplished
overnight at 4Â°C.The crude product was aspirated and recrystal
lized from a small amount of water: yield 2.9 g (36.1%); HPLC:
tR

18.2

mm;

K'

=

7.3

(5%â€”50%

acetonitrile

[MeCN];

Peptide Synthesis. Starting with 1.0â€”2.0g Fmoc-Gly-TCP

30 mm);

â€˜H-NMR
(D20) 8 2.97 ppm (dd, lH, 7.6 Hz, 14.7 Hz), 3.09 ppm

aV133

or

Fmoc-r-Ala-TCP resin (substitution about 0.4â€”0.6mmol amino
acid/g resin), synthesis was performed using standard Fmoc
coupling protocols. Deprotection of the N-terminal Fmoc group

was accomplished using 20% piperidine in DMF. Coupling of the
amino acids or amino acid derivative was performed using 2.5
equiv. of the appropriate amino acid, 2.5 equiv. TBTU, 2.5 equiv.
HOBt and 5â€”7.5equiv. DIEA in 20 mL NMP. Coupling times
between 30 and 60 mm provided complete couplings. The reactions
were monitored by ninhydrine test. Side chain protection was
4-methoxy-2,3,6-trimethylbenzenesulfonyl

for arginine and tert

butyl for aspartic acid and tyrosine.
Acetic Acid Cleavage. The resin-bound peptides were treated

C-l 8 (7 pm,

250 X 40 mm) for peptides P1, P3 and P5 and LiChrospher 100 RP

(D- or L-configuration)

mm, an additional 380 pL (2.2 mmol) DffiA were added, and the

reaction mixture was stirred for 1 h at ambient temperature. Finally,
1 mL methanol was added, and the mixture was allowed to further
react for 20 mm. The solution was removed, and the resin was
washed twice with DCM and dimethylformamide (DMF), followed
by mixtures of DMF/methanol, successively increasing the metha
nol content up to pure methanol under rapid stirring.

with 20 mL of a mixture of acetic acid, 2,2,2-trifluoroethanol (TFE)
and DCM (3: 1:6) for 2 h at ambient temperature. The resin was
washed twice with 20 mL of a mixture of acetic acid, TFE and
DCM (3: 1:6). The combined solution was evaporated in vacuo in
the presence of toluene and triturated with ethyl ether, filtered and
washed three times with ethyl ether.
Cyclization. The peptides were dissolved in DMF (concentration
5 x l0@ mol/L). Five equiv. NaHCO3 and 3 equiv. DPPA were

added (for 3-iodo-tyrosine containing peptides, 1 equiv. DPPA was
used), and the solution was stirred at ambient temperature for 24 h.
After filtration of the solid NaHCO3, DMF was evaporated in
vacuo, and the residue was triturated with water, filtered and
washed with water and ethyl ether.

Side Chain Deprotection and Purification. The cyclic peptides
were treated with 20 mL of a solution of 95% TFA, 2.5% water and
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2.5% ethane dithiol for 24 h at ambient temperature. The mixture
was filtered (if necessary), evaporated in vacuo, triturated with

ethyl ether, filtered and washed several times with ethyl ether. The
crude, cyclic peptides were purified by RP-HPLC. Analytic data
aregiveninTable
1.

againstNP-40 (0.1% in PBSpH 7.4), concentrated
to > 1 mg/mL
and stored at â€”70Â°C.
Both preparations were -=95% pure as judged by anti-integrin
enzyme-linked
immunosorbent
assay(ELISA) usinga- and@3-chain
specific monoclonal

antibodies and by sodium dodecyl sulfate

polyacrylamide gel electrophoresis.
Radiolodinatlon
The peptides P1, P3 and PS were labeled with 125!using the
iodogenmethod.The peptides(0.8 pmol) weredissolvedin 300pL
phosphate buffered saline (PBS), pH 7.4 (8.00 g/L NaCI, 0.20 g/L

Isolated Integrin Binding Assays. Inhibitory effects of cyclic

peptides were quantified by measuring their effects on the interac
tions between immobilized integrin and biotinylated soluble Ii
gands. Purified vitronectin or fibrinogen (I mg/mL; pH 8.2) were
biotin (100 pg/mL; 1 h,

KC1,0.20g/LKH2'@04,
I.44g/LNa2HPO4X 2H2O).The solutions biotinylated with N-hydroxysuccinimide

wereaddedto Eppendorfcapscoatedwith 150 pg iodogenand 20Â°C),before dialysis into PBS pH 7.4. Purified integrin (I pg/mL;
combined with 5â€”10
iiL n.c.a. [@I]Nal (30â€”60
MBq). After 30 mm 1 h, 4Â°C)was used to coat 96-well microtitre plates, which were
at ambient temperature, the solutions were removed from the solid then blocked with bovine serum albumin (BSA) (3% in I mmol/L
oxidizingreagent.Purificationwas performedusingRP-HPLC. CaCI2, 1 mmol/L MgC12,10 pmol/L MnCl2, 100 mmol/L NaC1,50
mmol/L trishydroxymethyl-aminomethane; pH 7.4), and incubated
Radiochemical purity was generally >95%. After removing the
solvent in vacuo, the residue was triturated with water, passed

(3 h at 30Â°C)
withbiotinylatedligands(1 pg/mLin bindingbuffer:

through a C,8 Sep-Pak column, washed two times with water (2
mL) and eluted with 2 mL methanol. The methanol was removed in
vacuo, and the residue was dissolved with PBS pH 7.4 to obtain
solutionswith an activityconcentration
of 370 kBq (10 pCi)/l00
pL that were ready for use in animal experiments. The specific
activity was between 41 and 56 TBq (1100 and 1500 Ci)/mmol, and
the overall radiochemical yield after RP-HPLC was about 50%.

0. 1% BSA, I mmol/L CaC12,1 mmol/L MgCl2, 10 pmol/L MnCl2,
100 mmol/L NaCl, 50 mmol/L trishydroxymethyl-aminomethane;

pH 7.4) in the presence or absence of serially diluted peptides.
After washing (3 X 5 mm with binding buffer), bound biotinylated
ligandwas detectedwith alkaline-phosphatase
conjugatedgoat
antibiotinantibodies(I pg/mL; 1 h, 37Â°C),usingp-nitrophenyl
phosphate as chromogen. Vitronectin binding in the absence of
competitor was defined as 100% signal; binding to blocked wells in

the absence of integrin was defined as 0%. Signal-to-noise ratio

BiologIcal Assay
Protein Purification. Human plasma vitronectin (29) and fibrino

gen (30) were purified as described previously. The av@33integnn
was purified from human placenta (31) with modifications (32).
Briefly, human placenta was extracted with octyl-@3-D-gluco

pyranoside at 4Â°C.The extract was cleared by centrifugation
circulated over an LM609 antibody column (33), and specifically
bound material was eluted at pH 3.1. The eluant was neutralized,
dialyzed against NP-40 (0.1% in PBS pH 7.4), concentrated to >1
mg/mL and stored at â€”70Â°C.

was > 10. Concentrations

of peptides required for 50% inhibition

of signal (IC50 values) were estimated graphically. Assays were
performed in triplicate. The linear heptapeptide Gly-Arg-Gly-Asp
Ser-Pro-Lys was included as external reference, and IC50 values

were normalized to the reference IC50to give a value Q, which
allowed comparison of IC@ between different experiments.

In Vivo Animal Experiments
Tumor Xenografts. Human tumor xenografts were established in

athymic mice by subcutaneous inoculation with I mm3 primary
The a11b133
integnn was prepared from human platelets (34) with tissue from patientswith solid ductal mammarycarcinoma
modifications (32). Briefly, platelets were extracted with octyl-@3-D- (MaCaF) (35). Tumors grown to a weight of approximately 500 mg
gluco-pyranoside (50 mmol/L). The extract was circulated over a were used for further propagation in nude mice. Every passage was
linear Gly-Arg-Gly-Asp-Ser-Pro-Lys-conjugated CL-4B Sepha
checked by immunohistochemical staining, using an anti-mouse
rosecolumn,andspecifically
boundmaterialwaselutedwithlinear IgG antibody and an anti-human IgG antibody, to confirm that the
peptide Gly-Arg-Gly-Asp-Ser-Pro-Lys. The eluant was dialyzed implanted tumor tissue was still of human origin and comparable
with the primary tissue.
Osteosarcomas induced by injection of @Â°Sr
were serially
transplanted into BALB/c mice. Tumor pieces of 1 mm3 were

TABLE 1
Analytic Data of Cyclic Peptides HPLC: 5 Minutes
10% MeCN/0.1% TrifluoroaceticAcid(TFA);
10%â€”50% MeCN/0.1%

wtESI-MStANumber
Peptide

injected by trocar close to the femur into the musculus quadriceps.
Mice with tumor weights of about 500 mg were chosen for further
investigations.
Tumors derived from the human M2 I melanoma cell line (33)

TFA in 30 Minutes

Mol
(glmol)(M

+ H)@(mm)

K'

were obtained by subcutaneous injection of 5 X 106 cells. Cells
were grown routinely in a monolayer culture at 37Â°Cin a 5% CO2
humidified air atmosphere. Mice with tumors weighing 300â€”400

P1c(RGDyV)590.6459113.04.9P2c(RGD(l)yV)716.5371721.28.6P3c(RGDfY)638.6863919.17.7P4c(RGDf(I)Y)764.5876524.710.2P5c(Ra
mg were chosen for biodistribution and tumor-uptake studies.
Biodistribution Studies. Nude mice bearing tumor xenografts of

humanmelanomaM2 I or mammarycarcinoma(MaCaF), and
BALB/c mice bearing osteosarcoma, were injected intravenously
with 10 pCi [â€˜251]P2,[â€˜251]P4
or the negative control peptide

HPLC = high-performanceliquid chromatography;ESI-MS =
electrosprayionizationmassspectroscopy;t@= retentiontime;K' =
capacity factor.
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[â€˜2511p6
in groups oftwo to five for every substance and assay time.
The animals were killed and dissected 10, 60, 120 and 240 mm
after injection of the â€˜25I-labeledpeptides. Tumor, blood, plasma,
muscle, liver, kidney and thyroid were removed and weighed. The
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radioactivity in the tissue was measured using the 1480 Wizard 3

gamma counter from Wallac (Turku, Finland). Results are ex
pressed as %ID/g of tissue. Each value represents the mean and SD
of two to five animals.
Blocking and Displacement Studies. Blocking and displacement

studies were performed by injecting 3 mg/kg cyclo(-Arg-Gly-Asp
D-Phe-Val-) 10 mm before or after injection of 370 kBq (10 pCi) of
theradioactivecompound(about8 ng/mouse)in 100pL PBSpH

TABLE 2
Inhibition of Vitronectin Binding to Immobilized a@@33
and
Fibrinogen Binding to Immobilized al,b@33
(n = 3)
Number

Peptide

Q(aIIb13@/Fb) Q(a@13@/Vn)

GRGDSPK11c(RGDfV)1
.90.033P1c(RGDyV)2.50.030P2c(RGD(l)yV)1.90.031P3c(RGDfY)1

7.4. Animals were killed and dissected 60 mm after injection of the
â€˜251-labeled peptides.

Further

processing

was

performed

as de

.50.050P4c(RGDf(l)Y)0.20.025P5c(RaDVV)NANA

scribed above.
Immunohistochemistry. Tumors were dissected and frozen using
thedeepfreezepositionofthecryomicrotrome
HM 5000 (â€”55Â°C;
Microm, Walldorf, Germany). Several 5 pm-thick sections were
Fb = fibnnogen; Vn = vitronectin; NA = compound shows no
mounted on glass slides and immediately stored at -78Â°C.Histo activityinthetestsystem.
chemicalstainingwas performedusinghematoxilinand eosin (H&E).
To obtain intra-assay comparable results, we introduce normal
(peptideVlC@[GRGDSPK].
For immunohistochemistry, frozen tissue sections were fixed in ized activitiesgiven as ratioQ = lC@o

4% (w/v) paraformaldehydefor 45 mm and 0.1% (w/v) saponine
for 30 mm at room temperature and subsequently washed in Tris
buffered saline and PBS. Human melanoma tissue sections were
incubated with a monoclonal antibody directed against the human

CD51/6l complex (av133integrin)(Boehringer Bioproducts, Heidel
berg, Germany) at a final concentration of 2 pg/mL in PBS, 2%
(w/v) BSA for 1 h at room temperature.Tissuesectionsfrom
murine osteosarcomas were incubated with a rabbit polyclonal
antibody directed against the integrin av subunit (Boehringer
Bioproducts) at an antisera dilution of 1:200. Tissues were washed
extensively in PBS, and the secondary antimouse or antirabbit

binding to aV133 of 2 nmol/L and IC50 values for the
inhibition of the fibrinogen binding to a1@33 of 8000
mmol/L. The negative control peptide cyclo(-Arg-D-Ala-Asp
Tyr-Val-) P5 shows no activity in the range of the test system

for both receptors. The selectivity of the peptides P1 to P4
corresponds with the selectivity of the lead structure. The
biological activities are about 4000 times higher for the av13@
integrin than for the aIIb@33
integrin.

Biodlstributlon StudIes
For the biodistribution studies, three different tumor types
were chosen: groups of nude mice bearing human melanoma
primary antibodies and in the presence of control IgGs, respec
M21 or mammary carcinoma (MaCaF), and BALB/c mice
tively,servedascontrols.After five washesin PBS, slideswere bearing osteosarcomas. The tissue distributions of the two
Alexa-488-labeled

IgGs (Molecular

Probes,

Leiden,

The Nether

lands) were added at a working dilution of 1:1000 for 45 mm at
room temperature. Staining procedures in the absence of the

mounted and immunofluorescence

was evaluated using a confocal

peptides

[â€˜251]P2and [â€˜25I]P4are summarized

in Tables

3

laser scanning microscope (Zeiss, Gottingen, Germany).
and 4, respectively.
Whole-Body Autoradiography. Osteosarcoma-bearing BALB/c
Peptide [â€˜@I]flshowed an initial tumor uptake 10 mm
micereceived100kBq (2.7 pCi) [â€˜251]P2
per mouseintravenously,
postinjection, with values ranging from 1.84 Â±0.17 %ID/g
before being killed at 1 and 2 h, respectively (using ether
anesthesia). The mice were frozen in an isopropanol-dry ice for the mammary carcinoma to 3.50 Â±0.49 %ID/g for the
mixture,

embedded

in a 0.1% Methylan

(Henkel,

Germany)

solution and frozen overnight at â€”20Â°C.
Using a Leica CM 3600
Cryomicrotrome

(Nussloch, Germany), 40-pm sagittal plane 5cc

tions were obtained, freeze-dried for 2 d and exposed for a period
of 5 d. Images were developed using the phosphorimager from
Molecular Dynamics (Krefeld, Germany).

osteosarcoma.

Sixty minutes

postinjection,

the highest

tu

mor uptake was found for the osteosarcoma, followed by the
melanoma M21 and the mammary carcinoma. The activities
60 mm postinjection in the blood and the muscle reached
values

of 0. 17 %ID/g

and 0.25 %ID/g

for the melanoma

In Vitro Binding Assay
The ability of cyclic pentapeptides to inhibit the binding

M21, 0.10 %ID/g and 0.16 %ID/g for the mammary
carcinoma and 0.26 %ID/g and 0.43 %ID/g for the osteosar
coma (Fig. 3). This led to tumor-to-blood ratios 60 mm
postinjection of 7.7 for the melanoma M2l, 7.4 for the
mammary carcinoma and 7.8 for the osteosarcoma. The

of vitronectin

highest

RESULTS

a11b133

standard

and

and fibrinogen
aV@33

peptide

receptor

was

to the isolated
compared

Gly-Arg-Gly-Asp-Ser-Pro-Lys

with

immobilized
the

linear

and with

the lead structure cyclo(-Arg-Gly-Asp-D-Phe-Val-).
The
inhibitory peptides were able to suppress fully the binding of
ligands to the isolated receptors, and the binding kinetics
followed a classic sigmoid path. The inhibitory capacities
(Table 2) of the modified peptides P1 to P4 are in the same
range as the lead structure cyclo(-Arg-Gly-Asp-D-Phe-Val-),
which shows IC50values for the inhibition of the vitronectin

activity

accumulations

were found in the liver, with

values >20 %ID/g 10 mm postinjection to about 10 %ID/g
60 mm postinjection, followed by the kidney.
Peptide [â€˜25IJP4
was examined using BALB/c mice with
osteosarcomas. Sixty minutes postinjection of [@I}P4, most
of the administered activity (about 75% ID/mouse) was
detected in the intestine. All other examined organs showed
only small amounts of the administered activity (Table 4).
The tumor uptake was 0.40 Â±0.31 %ID/g 60 mm postinjec
tion. Even the activity accumulation in the liver (0.72 Â±0.14
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TABLE 3
ActivityAccumulationof [1251]-3-iodo-D-Tyrâ€•-cyclo(-Arg-Gly-Asp-D-Tyr-Val-)
([125I]P2)in Nude Mice withMelanomaM21
(n = 3) or Mammary Carcinomas (n = 2) and BALB/c Mice with Osteosarcomas (n = 3)
MelanomaM21OsteosarcomaMammary
carcinoma10

min*

60mm

240mm10

BlOOd0.77
Â±0.020.17 Â±0.020.06 Â±0.021.72
0.02Plasma1.43
0.04Liver21.96Â±0.010.29 Â±0.030.09 Â±0.033.04
Â±2.7811.23Â±1.950.78 Â±0.2819.06
1.05Kidney12t3.30
Â±0.120.72 Â±0.1610.93
0.53Muscle0.42
Â±0.040.25 Â±0.050.10 Â±0.030.94
0.07Thyroid2.21
0.80Tumor2.07Â±0.643.45 Â±2.660.30 Â±0.083.49
Â±0.321.30 Â±0.130.41 Â±0.153.50
0.170.72tTumor/blood2.7

Â±0.47.7

Â±3.42.0

Â±1.26.8

min*

60mm120

mm

240mint

Â±0.440.26 Â±0.030.17
Â±0.820.43 Â±0.060.30
Â±0.9210.36 Â±2.274.22
Â±2.372.64 Â±0.352.10

Â±0.010.12
Â±0.020.21
Â±1.912.18
Â±0.231.08
Â±0.020.24

Â±0.67.8

Â±1.17.7

10mm60

mm240

mm

Â±0.020.73 Â±0.190.10 Â±0.010.09 Â±
Â±0.041.36 Â±0.300.17 Â±0.020.13 Â±
Â±0.6525t141.33
Â±
Â±0.185.38 Â±0.661.05 Â±0.090.81 Â±
Â±0.130.43 Â±0.050.36
Â±0.040.48 Â±0.100.16 Â±0.020.14 Â±
Â±2.276.40 Â±2.2715.61Â±7.0830.02Â±11.25.40 Â±0.901.88 Â±0.164.90 Â±
Â±0.492.03 Â±0.491.46 Â±0.160.92 Â±0.161.84 Â±0.170.74 Â±
Â±2.18.6

Â±1.82.5

Â±0.77.4

Â±1.98.0

Â±1.8

*n= 2.
tn = 4.

jExperimentsgave onlyone data point.
Datagivenas %lD/g.

%ID/g 60 mm postinjection) and kidney (0.78 Â± 0.09
%ID/g 60 mm postinjection) was low compared with
[â€˜@I}P2.
The tissue accumulation of the radiolabeled negative
control peptide [â€˜@I]P6was investigated using nude mice
with xenotransplanted melanoma M2l and BALB/c mice
bearing

osteosarcomas

(Table 5, Fig. 4). The tumor uptake

of [â€˜25I]P610 mm postinjection reached values of 1.12 Â±
0. 18 %ID/g for the melanoma M2l and 3.00 Â±0.71 %ID/g
for the osteosarcoma. Thus, the initial uptake was about 45%
lower for the melanoma and about 15% lower for the
osteosarcoma, compared with [1@I]P2. In comparison with
[1'-@I}P2,the tumor accumulation of [â€˜251]P6
in melanomas
and osteosarcomas decreased much faster. The initial blood
clearance

of [â€˜25I]P6was

slower

than

the clearance

of

[â€˜@I}P2.However, for the melanoma M21-bearing nude
mice, the [â€˜25I}P6
accumulation in the blood reached the
values of [â€˜25I]P2
60 mm after injection. For the osteosar
coma-bearing BALB/c mice, this accumulation remained
2- to 3-fold

higher

than

for [â€œ-â€˜I]P2.
After

60 mm postinjec

tion, the activity concentrations of [â€˜251}P6
in the tumor
reached the same low accumulation found in the blood (Fig.
4). The activity accumulation in the liver was in the same
high range as that found for [125I1@,and the accumulation in
the kidney was even higher than that found for [â€˜@I]P2.
All radiolabeled peptides showed small activity accumula
tion in the thyroid. [â€˜251]P2
revealed the lowest iodine uptake

(values ranging between 0.3 %ID/g and 30 %ID/g), fol
lowed by [â€˜@I]P6
(values between 4.4 %ID/g and 90 %ID/g)
and [â€˜251}P4
(values about 75 %ID/g).
Pretreatment and Displacement Studies
The results of the pretreatment and displacement
of [â€˜25I]P2are shown

in Figure

5. Blocking

studies

with 3 mg/kg

cyclo(-Arg-Gly-Asp-D-Phe-Val-)
10 mm before the injec
tion of [125I]@@reduced the tumor accumulation in the
melanoma M21 model to about 40% of control and to about
35% of control

in the osteosarcoma

model.

The displace

ment experiments with 3 mg/kg cyclo(-Arg-Gly-Asp-D-Phe
Val-) 10 mm after injection of [â€˜251]P2
revealed similar
trends: About 45% ofthe â€˜@I
activity without cyclo(-Arg-Gly
Asp-D-Phe-Val-) was found in the melanomas as well as in
the osteosarcomas. The same experiment with mammary
carcinoma-bearing
nude mice showed little effect. The
tumor accumulation was reduced to only about 85% of the
normal accumulation.
Immunohlstochemlstry
Immunohistochemistry

performed

on human

melanoma

(M2 1) tumor tissue sections from nude mice using the
monoclonal
aV133

integnn

antibody

(LM609)

revealed

a positive

directed
and

against
specific

the human
cell

surface

associated staining for aV@33(Fig. 6). Incubation of murine
osteosarcoma tissue sections with a rabbit polyclonal anti
body directed against the av integnn subunit also resulted in

TABLE 4
Activity Accumulation of [125l]-3-iodo-Tyr@-cycIo(-Arg-Gly-Asp-D-Phe-Tyr-)
([1251]P4)
60 Minutes Postinjection in BALB/c Mice
with Osteosarcomas (n = 5)
BloodPlasmaLiverKidneyMuscleThyroidlntestine*TumorTumor/blood0.35
0.3*n Â±0.060.40

Â±0.080.72

Â±0.140.78

Â±0.090.15

Â±0.0975

Â±7845.1Â±

3.Data
=
givenas%lD/g.
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8.70.40

Â±0.101.1Â±

%ID/g
4

%ID/g

blood

tumor

2

0

60

60

120

180

240

time p.i. [mini

time p.1. [minI
%ID/g

%ID/g
30

12

liver
20

8

10

4

0

0

60

120

180

240

)

60

120

180

240

FIGURE3. Biodistribution
dataof [125l]@3@
iodo-D-Tyr@-cyclo(-Arg-Gly-Asp-D-Tyr-Val-)
([1251]P2)

a pronounced staining pattern for av. Incubation of tumor
tissue with the respective control IgG showed only a weak
and nonspecific staining.
Autoradlography
Whole-body autoradiographic imaging of BALB/c mice
bearing osteosarcoma (Fig. 7) was performed 1 and 2 h after
intravenous injection of 2.7 pCi [125I]I@2
per mouse. After 1
h, the highest activity accumulation was found in the liver
and the spleen and, after 2 h, in the intestine. The accumula
tion in the tumor contrasted clearly with the background.

in nude

mice

bearing

melanoma

M21 (*) or mammary carcinoma (0') and
BALB/cmicewith osteosarcoma(U).

time p.i. [mini

time p.i. (mini

After 1 h, the accumulation

was concentrated

in the center of

the tumor, where the ossified region was located and which
was

highly

supplied

with

blood.

After

2 h, the higher

radioactivity accumulation was found in the cell-rich periph
eral area of the tumor. As expected,

there was no uptake in

the brain.
DISCUSSION
The results of the isolated immobilized integrin receptor
assay confirm our design approach. Substitution of D-Phe4 or

TABLE 5
Activity Accumulation of Negative Control Peptide [125I]-3-iodo-Tyrâ€•-cyclo(-Arg-D-Ala-Asp-Tyr-Val-)
([1251]P6)in Nude Mice
with Xenotransplanted Melanoma M21 (n = 4) and BALB/c Mice with Osteosarcomas (n = 3)
Melanoma M21Osteosarcomaio
mmBlood1.92

0.07Plasma3.20
0.06Liver24.5
0.44Kidney15.5
0.37Muscle0.48
0.04Thyroid6.52
13.5Tumor1.12
0.39Tumor/blood0.6
0.8ND

mm10
mm60
Â±0.340.24

Â±0.040.16

Â±0.630.31
Â±5.614.60

Â±0.080.19
Â±1.340.78

Â±2.694.42

Â±0.852.08

Â±0.090.06

Â±0.030.03

Â±6.52ND10.1
Â±0.180.31
Â±0.11.3

mm60

mm120

Â±0.064.46
Â±0.078.47
Â±0.5523.1
Â±0.8026.5
Â±0.022.22

Â±1.040.90
Â±2.361.93
Â±7.1912.56

Â±0.920.48

Â±20.86.02
Â±2.330.31

Â±2.181.55

Â±4.704.44

Â±1.3742.8
Â±0.711.24
Â±0.21.4

mm120

Â±0.140.12

Â±0.60.8

Â±0.043.00
Â±0.40.7

Â±
Â±
Â±
Â±
Â±

Â±1.320.50
Â±4.01.98
Â±0.140.11
Â±14.090.7
Â±0.370.48

Â±
Â±
Â±

Â±1.51.0

= not determined.
Data given as %lD/g.
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%ID/@
6

%ID/g
6

melanoma

M21, [

1'S

I]P2

osteosarcoma,

[ â€˜2@I]P2

4

4

2

@

:

0
60

120

time pi.

[mm]

%ID/g

%ID/g

melanoma

6

120

60

time p.i. [mini

M21, [â€˜2'I}P6

osteosarcoma,

6

[ â€˜2'I]P6

4

FIGURE 4. Activityaccumulationof aV@33
selective[125l]-3-iodo-D-Tyr@-cyclo(-Arg-Gly
Asp-D-Tyr-Val-) ([125l]P2) and negative con

:@

trol peptide [125l]-3-iodo-D-Tyr'@-cyclo(-Arg-DAla-Asp-Tyr-VaI-)([125I]P6)in tumor (U) and
blood (K:@)
of nude mice with xenotrans
planted melanoma M21 and BALB/c mice
bearingosteosarcomas.

timepi.

0

120

60

[mini

time p.i.

120
[mini

Val5 in the lead structure cyclo(-Arg-Gly-Asp-D-Phe-Val)
with tyrosine and subsequent iodination of the modified
peptides cyclo(-Arg-Gly-Asp-o-T@'r-Val-) P1 and cyclo(-Arg
Gly-Asp-D-Phe-Tyr-) P3 lead to compounds (P2, P4) with
high affinity and selectivity for the a@43@
integrin. In addition,
the negative control peptide cyclo(-Arg-o-Ma-Asp-1@'r-Val-)
PS, which is a modified version of the negative control cyclo
(-Arg-D-Ala-Asp-Phe-Val-) (23), has no affinity for the two
tasted integrins. For PS, the iodinated cold reference compound
was not tested, but we assume that, in analogy to the examined
peptides P1 and P3, subsequent iodination has no significant
influence on the binding affinity of PS.
The biodistribution studies show that the activity accumu
lation in the tumor 60 mm postinjection is about 1.6 times
higher for the osteosarcoma than for the melanoma M21 and
about 2.7 times higher than for the mammary carcinoma.

% ofthe accumulation
without c(-R-G-D..f-V-)
100

U pretreatment
80

0

60

0

0 displacement

60

Pretreatment

and displacement

experiments

suggest specific

binding of [â€˜@I]P2to the melanoma M21 as well as to the
osteosarcoma.

0
melanoma
M21

osteosarcoma

mammary

carcinoma

FIGURE 5. Pretreatmentand displacementinvestigations
us
ing 3mg/kg a@@33
selective cyclo(-Arg-GIy-Asp-D-Phe-VaI-).Nude
mice bearing melanoma and mammary carcinoma (n = 3) and
BALB/c mice bearing osteosarcoma (n = 3) were used. Data
were determined 60 mm after injection of [125l]P2.For pretreat
ment expenments, cyclo(-Arg-Gly-Asp-D-Phe-VaI-)was injected
10 mm before [125l]P2and for displacementexperiments 10 mm
after [125l]P2
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It is known that the melanoma

M21 cell line

highly expresses the aVf33 integrin (12,13). To prove aV@33
expression on tumors grown in our animal models, immuno
histochemistry has been performed (Fig. 6). Immunohisto
chemical

staining in melanomas

and osteosarcomas

for av@33

and av, respectively, clearly indicates the presence of the
aV133 integnn

on the cell

surface

whole-body autoradiographic
bearing

BALB/c

[125I]p@

is accumulated

of both

tumors

in vivo.

The

images of the osteosarcoma

mice (Fig. 7) show that in the initial phase
in the

ossified

region

of

the

tumor

with high blood supply and later on is found in the areas of
the osteosarcoma where the malign cell mass is concen
trated. One explanation for this observation could be that in
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@
@

@â€˜1@
4
the first phase the activity uptake is determined by the blood
flow (highest accumulation in the regions with the best
blood supply) and subsequently seems to depend on the
aV133integrin density (highest accumulation in the region of
the malignant cells). The mammary carcinoma-bearing nude
mice show only minor displacement. Therefore, the bind
ing of [I25I}@@to the mammary

carcinoma

seems

I

to be

nonspecific.
The specific behavior concerning the binding to the
melanoma and the osteosarcoma is confirmed by investiga

A

II
â€˜41

FIGURE 7.

Whole-bodyautoradiographic
images60 mm (I)

and 120 mm (II) after injection of [1251]P2confirm fast hepatobili
ary elimination (liver [A], intestine [C]) and shows heterogeneous

activity accumulation in osteosarcoma (B, D). After 60 mm
postinjection,
activityisconcentratedincenteroftumor(B);after
120 mm higher activity accumulation is found in peripheral area

oftumor (D).
tions using the negative control peptide [â€˜251]P6.
Figure 4
demonstrates that the activity concentration of [â€˜251]P6
in the
tumor reveals the same low values as found in the blood 60
mm postinjection

B

and, thus, does not reflect specific

aV@33

binding, but rather blood flow. In contrast, the tissue
accumulationof the aV@33
selective[â€˜251]P2
for the osteosar
coma is between 2.0- and 8.6-fold and for the melanoma
M21 is between 2.7- and 7.7-fold higher than the activity
concentration in the blood for the whole observation time,
indicating integrin-dependent accumulation of the tracer.
Another recently published approach (36â€”38),using phage
displayingROD-containing peptides,revealedspecificaccu
mulation in the tumor tissue when injected intravenously
into tumor-bearing mice. Immunohistochemical
staining

FIGURE 6.

lmmunohistochemical
detectionof integrinaV@33
in

human melanoma and murine osteosarcoma tissue grown in

@/
,0 f( â€˜
j.
@

r'â€¢

@

D

.

â€˜j

mitosis. Munne osteosarcoma (bottom, A) exhibited pleomorphic

4 i.@ a' .

@

.-.

@
@

@

, :-â€˜
,@â€˜

@f

S

@

tumorcellsaswellas areaswithspindle-shaped
cytoplasm,focal
collagen fibers and production of osteoid matrix. Regions of
melanomaandosteosarcomapositivetissuesections,classified
with H&E staining (A), were stained with monoclonal antibody
LM609directedagainsta@@33
and rabbitantibodydirectedagainst

:â€¢.,
:..

r@

,.

vivo.Beforeperformingimmunohistochemistry,
sectionsof each
tumortypewere stainedwithhematoxylinand eosin(H&E) (A)
and presence of tumor material was classified as follows:
Subcutaneous
tissueof humanmelanomaM21 (top,A) revealed
solidtumormasswithpleomorphic
andhyperchromatic
cellswith

,@

â€˜

@.

â€˜,@â€˜
.@. ,@.

â€œS :

â€¢,.,1

av, respectively

@
@

1@
...

,

â€˜.@
.11 :@-

(D). Respective

transmission

images

are shown

in C. Incubation of tumor tissue sections with control IgGs served

as control stainings (B). Staining of tumor tissue (D) clearly
demonstratesexpressionofav@33
integrinsonbothtumors.

,
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showed

that the ROD-containing

bind to av@33 experiments; Dr. Kurt Steiner (Merck KGaA) for providing
blood
the autoradiographic images; and Markus Urzinger (Institute
vessels and not to the tumor cells themselves (which are also of Organic Chemistry) for conducting the mass spectral
@v133
positive). The reason for this effect is the large size of
analyses.Dr. Ingrid Becker (Pathology)is acknowledgedfor
the phage, which makes it unlikely to exit the circulation and supplying the pictures of the histological sections. Parts of

receptors

present

on endothelial

penetrate

into tissues.

However,

phage

cells of the tumor

these experiments

confirm

our approach using ROD-containing small peptides as tools
in tumor targeting for diagnostic purposes (39,40). In
addition, these peptides possess the advantage of diffusing
efficiently within the tumor, which allows targeting of both
kinds of (@v133
positive cells.
The small activity accumulation in the thyroid gland for
peptide

[â€˜@I]P2(corresponding

with about 0.01 %ID/g after

4 h postinjection) demonstrates remarkable in vivo stability
toward deiodination. Even for [â€˜2511P6
with 90 %ID/g 120
mm postinjection, this value corresponds to a low accumula
tion in the whole thyroid (0.2 %ID/g for a thyroid weight of

2 mg).
The data from the pharmacokinetic

studies of [â€˜25I]P2
and

[â€˜@I]P4
indicate fast blood clearance and predominantly
hepatobiliary

excretion,

which, in the case of [â€˜@I]P2,is also

confirmed by whole-body autoradiographic imaging (Figs. 3
and 7). Because of this fast washout of peptides from the
circulation, the activity accumulationin the tumor reaches
an early maximum and continuously decreases. Therefore,
improvement of the pharmacokinetics may lead to a higher
activity accumulation

in the tumor.

CONCLUSION

@

The radioiodinated av@33antagonist [@I]P2 exhibits high
affinity for the @v133
integrin and specific binding to the
melanoma M21 and to the osteosarcoma, with activity
accumulations in the tumor of 1.30 Â±0.13 %ID/g 60 mm.
postinjection and 2.03 Â±0.49 %ID/g 60 mm postinjection,
respectively.

The biokinetics

reveal predominantly

@

investigations

with other radioisotopes,

of the
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