Downloaded from jnm.snmjournals.org by on March 14, 2017. For personal use only.

Glycosylated RGD-Containing Peptides: Tracer
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with Improved Biokinetics

Roland Haubner, Hans-Jurgen Wester, Fred Burkhart, Reingard Senekowitsch-Schmidtke, Wolfgang Weber,
Simon L. Goodman, Horst Kessler, and Markus Schwaiger

Department of Nuclear Medicine and Institute of Organic Chemistry and Biochemistry, Technische Uttikiisithen, Munich;
and Department of Preclinical Oncology, Merck KGaA, Darmstadt, Germany

The ayBs integrin plays an important role in metastasis and tumor-
induced angiogenesis. Targeting with radiolabeled ligands of the
ayfBs integrin may provide information about the receptor status
and enable specific therapeutic planning. Previous studies from
our group resulted in tracers that showed oyBs-selective tumor
uptake. However, these first-generation compounds predomi-
nantly revealed hepatobiliary excretion with high radioactivity
found in the liver. In this report, the synthesis and biological eval-
uation of the first glycosylated RGD-containing peptide (RGD-
peptide) for the noninvasive imaging of ayB; expression are de-
scribed. Methods: Peptides were assembled on a solid support
using fluorenylmethoxycarbonyl-coupling protocols. The precur-
sor cyclo(-Arg-Gly-Asp-p-Tyr-Lys(SAA)-) GP1 was synthesized by
coupling 3-acetamido-2,6-anhydro-4,5,7-tri-O-benzyl-3-deoxy-B-
p-glycero-p-gulo-heptonic acid (SAA(BN3)) with cyclo(-Arg(Mtr)-
Gly-Asp(OtBu)-p-Tyr(tBu)-Lys-) and subsequent removal of the
protection groups. lodine labeling was performed by the lodo-
Gen method (radiochemical yield > 50%). The in vitro binding
assays were performed using purified immobilized o33, ayfBs,
and ayBs integrins. For in vivo experiments, nude mice bearing
xenotransplanted melanomas and mice with osteosarcomas
were used. Results: The glycosylated peptide 3-iodo-Tyr*-
cyclo(-Arg-Gly-Asp-p-Tyr-Lys(SAA)-) GP2 showed high affinity
and selectivity for ayB3 in vitro (50% inhibitory concentration =
40 nmol/L). Pretreatment studies indicate specific binding of
['251]GP2 on ayBs-expressing tumors in vivo. Comparison of the
pharmacokinetics of [12%]]GP2 and ['251]-3-iodo-Tyr4-cyclo(-Arg-
Gly-Asp-p-Tyr-Val-) [2%[]P2 revealed for ['?°]]GP2 an increased
activity concentration in the blood (e.g., 3.59 * 0.35 percentage
injected dose [%ID]/g vs. 1.72 + 0.44 %ID/g at 10 min postin-
jection) and a significantly reduced uptake in the liver (e.g.,
2.59 + 0.24 %ID/g vs. 21.96 + 2.78 %ID/g at 10 min postin-
jection). Furthermore, a clearly increased activity accumulation
in the tumor was found (e.g., 3.05 = 0.31 %ID/g vs. 0.92 = 0.16
%I|D/g at 240 min postinjection), which remained almost con-
stant between 60 and 240 min postinjection. This resulted in
good tumor-to-organ ratios for the glycosylated tracer (e.g.,
240-min postinjection osteosarcoma model: tumor-to-blood =
16; tumor-to-muscle = 7; tumor-to-liver = 2.5), which were
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confirmed by the first gamma-camera images of osteosarcoma-
bearing mice at 240 min postinjection. Conclusion: This study
demonstrates that the introduction of a sugar moiety improves
the pharmakokinetic behavior of a hydrophobic peptide-based
tracer. Additionally, this ayBs-selective glycosylated radioiodi-
nated second-generation tracer GP2 shows high tumor uptake
and good tumor-to-organ ratios that allow noninvasive visual-
ization of ayBs-expressing tumors and monitoring therapy with
ayBs antagonists. Finally, the favorable biokinetics make the
glycosylated RGD-peptide a promising lead structure for tracers
to quantify the ayBs expression using PET.

Key Words: glycosylated RGD-peptides; ayB; antagonists; in-
tegrin; angiogenesis; tumor targeting
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Cell matrix interactions are fundamental to tumor inva-
sion and formation of metastasel) @s well as to tumor-
induced angiogenesis2). The integrins, heterodimeric
transmembrane glycoproteins that compose a diverse family
of 19 « and eightB subunits, play a key role in these
interactions (3). In addition to adhesive functions, it is
increasingly apparent that integrins transduce messages by
classical signaling pathways and may influence proliferation
and apoptosis of tumor cells as well as activated endothelial
cells (2,4).

An integrin with a well-characterized involvement in
angiogenesis (5) and tumor invasiveness (6jgs. This
integrin is expressed on various malignant human tumors
(6) as well as on endothelial cells during neovascularization
(2,7). Inhibition of theay Bs-mediated cell-matrix interac-
tion leads to apoptosis of activated endothelial cells and
disrupts blood vessel formatioB); By contrastay, B3 is not
strongly expressed on quiescent endothelial cells. Thus,
treatment withay, 83 antagonists did not affect preexisting
blood vessels (9). In tumor models, inhibition of blood
vessel formation usingy, 3; antagonists not only blocked
tumor-associated angiogenesis but in some cases resulted in
tumor regression (8,10).
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These encouraging experimental studies have already led tom) (YMC Co., Ltd., Kyoto, Japan). For radioactivity measure-
initial clinical trials evaluating the use af,8; antagonists as ments, the outlet of the ultraviolet detector was connected to a well
antiangiogenic drugs in patients with various malignant tumotgintillation Nal(Tl) detector from EG & G (Munich, Germany).

(11). However, currently available imaging techniques afe®r analytical data, several acetonitrile-water gradients with 0.1%
A o L - trifluoroacetic acid (TFA) were used.
limited in monitoring treatment with this class of drug. Anti Preparative RP-HPLC was performed with the Sykam HPLC

fumor activity i$ gen(_arally assessgd by determining the p%r_stem. Columns were YMC-Pack ODS-A Bn, 250X 30 mm)
centage of patients in whom a significant reduction of e, ye reference peptides and precursor and YMC-Pack ODS-A (5
tumor size is achieved during a relatively short period Qfm 250x 4 mm) for radioactively labeled compounds with the
therapy (‘response rate”). Thus, this method may not be aRme solvent system as described above.

plicable for a form of therapy that is aimed at disease stabili- . . .

zation and prevention of metastases. Therefore, noninvas%yé'thes's_of the Sugar Amino Acids

methods to visualize and quantity,3; expression in vivo ynthesis of 3-Acetamido-2,6-Anhydro-4,5,7tBenzyl-3-

. . DFoxyﬁ-D-Gcheroo-Gqu-Heptonic Acid.The benyzl-protected
appear to be crucial for the future development and C|InIC§ugar amino acid 3-acetamido-2,6-anhydro-4,5, Dthenzyl-3-

application ofay3; antagonists in cancer patients (11). Usingegxy8-p-glyceron-gulo-heptonic acid (SAA(BY) was synthe
these techniques, it would be possible to determioBs-  sized according to Hoffmann et allg).
dependent angiogenesis and to recognize those patients masynthesis of 3-Acetamido-2,6-Anhydro-3-Defxy-Glyceroo-
amenable to this kind of therapy. Gulo-Heptonic Acid SAA(Bn3) (0.2 mmol) was dissolved in 3.5
We have recently described radiolabeled cyclic RGDwnL of a mixture of tetrahydrofuran/methanol (MeOH)/water (3:3:
peptides with high affinity and selectivity for they8; 1) After addition of 0.57 mmol palladium oxide and 200 acetic
|ntegr|n (12) These pepudes Showed receptor_speC|ﬂC %ld (HOAC), the Sus.pension was stirred fOI’ 48 h Un(.jer a hydl.’ogen
cumulation in different tumor and mouse models. Howeve"i‘meSphere at ambient temperature. The suspension was filtered,

they also revealed fast hepatobiliary excretion. The resu?}réd the solvent was removed in vacuo. The crude product was

ing high activity concentration in the liver and intestine eze-dried withtert.butanol (tBu). The sugar amino acid was
g g Y used without further purification. Deprotection was monitored with

limits thg applic_:ation of these _tracers for tumor imag_ing._ RP-HPLC and NMR.

The aim of this study was to improve the pharmacokinetics ) ]
of theseay Bs-selective, first-generation tracers to allow nonPeptide and Glycopeptide Synthesis _
invasive imaging ofay3; expression with gamma camera Synthesis of Cyclic Pentapeptidéwading of the TCP-resin,

. . . . . ynthesis of the peptides, and subsequent cyclization were per-
Imaging techniques. For this purpose, glycosylation of a mo?ci)yrmed by protocols described elsewhere (12). Side chains were

ied dervative of these peptl_des by l.Jsmg a Sugar_ amino a(f)'gotected with 4-methoxy-2,3,6-trimethylbenzenesulfonyl (Mtr) or
was evaluated to decrease lipophilicity and hepatic uptake.2,2] 4.6, 7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) for argi-
nine, benzyloxycarbonyl (Z), or 1-(4,4-dimethyl-2,6-dioxocyclo-
MATERIALS AND METHODS hex-1-ylidene)ethyl for lysine and tBu for aspartic acid and ty-
All chemicals were used as supplied without further purificarosine. Because of the sensitivity of the3-iodo-tyrosine to
tion. 9-Fluorenylmethoxycarbonyl (Fmoc) amino acids were pureducing conditions using hydrogen or palladium, two different
chased from Bachem (Heidelberg, Germany) or Novabiochesynthesis routes for the reference peptide and the labeling precur-
(San Diego, CA). Synthesis of Fmoc-3-iodeFyr-OH was de- sor have been introduced. The resulting peptides are cyclo(-Arg-
scribed elsewhere (12). The tritylchloride polystyrol (TCP) resitMtr)-Gly-Asp(OtBu)o-Tyr(tBu)-Lys(Z)-) (peptide precursor for
was purchased form PepChem (Tubingen, Germany). 1-Hydroxgibeling) and cyclo(-Arg(Pbf)-Gly-Asp(OtBu)-3-iodo-Tyr-Lys-
benzotriazol (HOBt),O-(1H-benzo-triazol-1-yl)-N,N,N’,N’-tetra- (Dde)-) (peptide precursor for the reference compound).
methyluronium tetrafluoroborate, and diphenyl phosphorazidateSelective Removal of Z-Protection Groupyclo(-Arg(Mtr)-
were purchased from Aldrich (Steinheim, Germany) or Alexi€ly-Asp(OtBu)b-Tyr(tBu)-Lys(Z)-) (1.3 mmol) was dissolved in
(Griinberg, Germany). 1-Hydroxy-7-azabenzotriazole (HOAt) arD mL dimethyl acetamide, and 4Q0. HOAc and 1 g palladium
O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoraatalyst (5% Pd on charcoal) were added. The reaction mixture
phosphatevere purchased from PerSeptive Biosystems (Hambungas allowed to stir under hydrogen atmospheresft at ambient
Germany). Sodium iodide-125 and sodium iodide-123 were puemperature. The solvent was reduced in vacuo, the residue was
chased from Amersham (Buckinghamshire, UK). All other organiesuspended in MeOH, and the suspension was filtered. The sol-
reagents were purchased from Merck (Darmstadt, Germanygnt was reduced, and the residue was triturated with ethyl ether,
Aldrich or Fluka (St. Louis, MO). filtered, and washed three times with ethyl ether. The peptide was
Mass spectra were recorded on the liquid-chromatographged without further purification. Analytical data were as follows:
mass-spectrometry system LCQ from Finnigan (Bremen, Geglectrospray ionization mass spectrometry (ESI-MS)+¥)*+ =
many) using the Hewlett-Packard series 1100 high-performan@é4; RP-HPLC: retention time gt = 20.3 min and K’ = 4.8
liquid chromatography system. Nuclear magnetic resonan(&0%-80% MeCN; 30 min).
(NMR) spectra were recorded on a Bruker AC 250 or Bruker Selective Removal of Dde Protection Gro@yclo(-Arg(Pbf)-
AMX 500 (Karlsruhe, Germany) at 300 K. For all experiments, th&ly-Asp(OtBu)o-3-iodo-Tyr-Lys(Dde)-) (0.2 mmol) was dis-
solvent signal was used for calibration. solved in 50 mL 2% hydrazine in dimethylformamide (DMF) and
Analytical reversed-phase high performance liquid chromatogtirred for 30 min at ambient temperature. The solvent was re-
raphy (RP-HPLC) was performed on Sykam equipment (Gilchingjoved in vacuo, and the residue was triturated with water. The
Germany) using columns with YMC-Pack ODS-A (&n, 250X  precipitated peptide was isolated using a Varifuge 3.2S (Heraeus;
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TABLE 1
Analytical Data of Cyclic Peptides*
MW+ ESI-MS t
No. Peptide’ (g/mol) (M + H)* (min) K’ Log PS$
P1 c(RGDyV) 590.64 591 13.0 4.9
P2 c(RGD(l)yV) 716.53 717 21.2 8.6 -1.89
P3 c(RGDfY) 638.68 639 19.1 7.7
P4 c(RGDA(I)Y) 764.58 765 24.7 10.2 -1.16
GP1 c(RGDyK(SAA)) 850.88 851 9.1 3.1
GP2 c(RGD()yK(SAA)) 976.26 977 15.5 6.0 —2.45

*HPLC conditions: 10% MeCN with 0.1% TFA, 5 min; 10%-50% MeCN with 0.1% TFA, 30 min.

fUpper- and lowercase letters are used to distinguish between L- and p-amino acids in one-letter code for amino acids.
¥MW, molecular mass.

SDetermined using 12%I-labeled derivatives.

Munich, Germany). Analytical data were as follows: ESI-MSfollows: ESI-MS, (M+H)" = 1285; RP-HPLC,¢ = 17.5 min;

(M+H)* = 1054; RP-HPLC, ¢ = 14.1 min and K' = 4.4 and K’ = 5.5 (30%—-80% MeCN; 30 min).

(30%—-80% MeCN; 30 min). Removal of Side Chain Protection Groups of Peptidé&ep-
Synthesis of Cyclo(-Arg(Mtr)-Gly-Asp(OtBoyTyr(tBu)-Lys-

(SAA(BR))-). Cyclo(-Arg(Mtr)-Gly-Asp(OtBu)o-Tyr(tBu)-Lys-)

tides were treated with 20 mL of a solution of 95% TFA, 2.5% water,
and 2.5% triisobutylsilane for 24 h at ambient temperature. The

(0.11 mmol) and 0.15 mmol of SAA(Bhwere dissolved in 7 mL mixture was filtered if necessary, evaporated in vacuo, triturated with
DMF. To the combined solutions, two equivalents of 1-ethyl-3ethyl ether, filtered again, and washed several times with ethyl ether.

(3’-dimethylaminopropyl)carbodiimide hydrochloride (EDX
HCI) and two equivalents of HOBt were addéd-Ethylmorpho-

Removal of Benzyl Groups of Cyclo(-Arg-Gly-Aspyr-Lys-
(SAA(BR))-). The glycopeptide (4umol) was dissolved in 10 mL

line was used to adjust the pH to approximately 7.5. After theater/HOAc (1:1). After adding 50 mg 5% Pd on charcoal, the
solution was stirred for 12 h at ambient temperature, the solvemtaction mixture was stirred under hydrogen atmosphere at ambi-
was reduced in vacuo, the residue was triturated with water, agdt temperature for 12 h. The catalyst was removed by filtration,
the crude peptide was isolated by centrifugation. Analytical dagmd toluene was added before removing the solvent in vacuo. The

were as follows: ESI-MS, (M+H) = 1445; RP-HPLC,¢ = 29.1
min and K’ = 11.7 (30%-100% MeCN; 30 min).

Synthesis of Cyclo(-Arg(Pbf)-Gly-Asp(OtBuB-lodo-Tyr-Lys-
(SAA)-).Cyclo(-Arg(Pbf)-Gly-Asp(OtBu)e-3-iodo-Tyr-Lys-) (14
wmol) and 28umol SAA were dissolved in 1 mL DMF. After RP-HPLC. Analytical data, includingH- and 3C-chemical shift
addition of 28umol of HOAt and 28umol of HATU, the pH was data for GP1, are given in Tables 1 and 2.
adjusted to pH 8 using diisopropylethylamine. The solution was
allowed to stir for 70 h at ambient temperature. The solvent wiadioiodination
reduced in vacuo, and the crude glycopeptide was precipitated withThe peptides cyclo(-Arg-Gly-Asp-Phe-Tyr-) P1 (12), cyclo(-
water and separated by centrifugation. Analytical data were Asg-Gly-Asp-p-Tyr-Val-) P3 (12), and cyclo(-Arg-Gly-Asp-

ESI-MS, (M+H)* = 851; RP-HPLC,4 = 9.1 min; and K’ = 2.6
(10%-50% MeCN; 30 min).

crude product was freeze-dried. Analytical data were as follows:

The crude cyclic peptides and glycopeptides were purified by

TABLE 2
'H- and '3C-Chemical Shift Data of GP1 in DMSO-dg at 300 K
Amino TH-shift 13C-shift
acid*t  HN He/He! HA/HE"  HY/HY  HY/HY Others Cx CP Cr C° coO Others
Arg’ 7.64 4.14 1.49/1.71 137 310 7.48 (HN¢ 51.8 28.3 25.3 40.2 171.1 156.6 (guanidino C)
Gly2  8.30 3.22/4.02 43.2 169.4
Asp® 8.02 4.63 2.37/2.70 48.8 35.0 169.8 171.5 (COOH)
D-Tyr* 7.89 4.37 2.69/2.81 6.62; 6.92 (aromatic Hs) 54.5 36.6 170.8 129.9; 114.6; 127.3
(aromatic Cs)
Lys® 7.98 3.92 1.41/1.54 1.06 1.31  2.95 (H9), 7.75 (H\%) 546 31.0 22.7 285 172.0 38.0 (C9

*Sugar amino acid 'H-shift data: H1, 3.56; H2, 3.62; H3, 3.31; H4, 3.18; H5, 3.10; H6, 3.67; H6’, 3.50; HV, 7.66; and CO-CHg, 1.76.

TSugar amino acid 13C-shift data: CO, 168.3; C1, 77.9; C2, 53.5; C3, 74.8; C4, 69.8; C5, 80.2; C6, 60.7; CO-CHjz, 169.4; CO-CHg, 22.8.

Calibration was performed with reference to residual dimethyl sulfoxide signal ('H, 2.49 ppm; 3C, 39.5 ppm). Assignment of all proton
and carbon resonances followed standard methods (26).
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Tyr-Lys(SAA)-) GP1 were labeled with3 or 123 (the last only Biodistribution StudiesNude mice bearing tumor xenografts of

for GP1) using the IODO-GEN method. The peptides (0.3—0fuman melanoma M21 and BALB/c mice bearing murine osteo-
umol) were dissolved in 20QuL of phosphate-buffered saline sarcomas were injected intravenously with 300—400 KB]P2,
(PBS) (pH 7.4). The solutions were added to Eppendorf cap@]P4, or [?3]GP2. Injections into the tail vein were accem
coated with 150ug IODO-GEN and combined with 5-10L  plished under short-time ether anesthesia.

no-carrier-added (NCAYf3]Nal (30—80 MBq) or 25uL carrier- The animals were killed and dissected at 10, 60, 120, and 240
added (CA) f23[Nal (185 MBq). After 30 min at ambient tem min after injection of the'?3-labeled peptides. Blood, plasma,
perature, the solutions were removed from the solid oxidizingyer, kidney, muscle, heart, brain, lung, spleen, intestine, thyroid,
reagent. Purification was performed using RP-HPLC. Radiochemnd tumor tissues were removed and weighed. The radioactivity in
ical purity was generally>95%. After removing the solvent in the tissues was measured using a gamma counter. Results are
vacuo, the residue was triturated with water, passed througlg a €xpressed as the percentage injected dose per gram of tissue
Sep-Pak column, washed two times with water (2 mL per time{%1D/g). Each value represents the mean and SD of three or four
and eluted with 2 mL methanol. The methanol was removed &nimals.

vacuo, and the residue was dissolved with PBS (pH 7.4) to obtainPretreatment StudiesBlocking of the a5 integrin was per
solutions with an activity concentration of 370 kBg/1pQ that formed by injecting cyclo(-Arg-Gly-Asp-Phe-Val-) at 3 mg/kg
were ready for use in animal experiments. The overall radiocheffpefore injection of F24]P2) or 6 mg/kg (before injection of

ical yield after RP-HPLC was-50%. [*29]GP2) (17,18) at 10 min before injection of 300—400 kBq of
the radioactive compound (approximately 8 ng/mouse) in 1D0
Octanol/Water Partition Coefficient of PBS (pH 7.4). Animals were killed and dissected 60 min after

About 5 kBq 3-F29]iodo-Tyr>-cyclo(-Arg-Gly-Aspo-Phe-Tyr-)  injection of thel®d-labeled peptides. Further processing was per
([*2™]1P2) (12), 3-P2d]iodo-p-Tyr*-cyclo(-Arg-Gly-Aspo-Tyr-  formed as described above.
Val-) ([*23]P4) (12), or 3-[*A]iodo-p-Tyr*-cyclo(-Arg-Gly-Asp- Gamma-Camera Imagin@ALB/c mice bearing osteosarcomas
D-Tyr-Lys(SAA)-) ([*24]GP2) in 10 L PBS dissolved in 49l were injected intravenously with 5.6 MBE?JGP2. The animals
PBS were added to 5Q0L octanol in an Eppendorf tube. After thewere killed at 4 h after injection of th&3-labeled glycopeptide,
suspension was mixed for 3 min at room temperature, the ce¥d planar gamma-camera images were obtained (Siemens Multi-
were centrifuged (14,000 rpm for 6 min; Heraeus Biofuge 13pect 3; Siemens Medical Systems, Hoffman Estates, IL). Acqui-
Heraeus, Hanau, Germany) and L@D-aliquots of both layers sition time was 20 min/image.
were counted in a gamma counter.

. . RESULTS
Biological Assay

Purification of the proteins as well as the isolated integrifn Vitro Binding Assay
binding assay have been described elsewhere (12). The inhibitoryThe ability of cyclic pentapeptides to inhibit the binding
capacities of the cyclic peptides were quantified by measuring theif vitronectin and fibrinogen to the isolated immobilized
effect on the interactions between immobilized integrin and biQ)anBs, avyBs, anday B receptors was compared with that of
tinylated soluble ligands (vitronectin or fibrinogen). Recombinafghe |inear low-affinity peptide Gly-Arg-Gly-Asp-Ser-Pro-
humanay 35 (14) and recombinant soluble humas produced Lys and with the ayBs-selective cyclo(-Arg-Gly-Asp-
by similar procedures (15) were used in this study and gaY—%'Ime-Val-) (17,18) as internal standards. The inhibitory pep-

identical results to the native placental integring3s and ayfs. . L .
The integrin preparations differed somewhat over time; thus tﬁlé:les were able to fully suppress the binding of ligands to

linear peptide Gly-Arg-Gly-Asp-Ser-Pro-Lys as well as thgs- the is_ola_ted rt_eceptors, anq the_ binding kingtics followed a
selective cyclo(-Arg-Gly-Asp-Phe-Val-) were used as internalclassic sigmoid path. The inhibitory capacities (Table 3) of

standards to allow interassay comparability. P2 were in the same range as the values found for cyclo
(-Arg-Gly-Asp-b-Phe-Val-). P4 and the glycosylated deriv-
In Vivo Animal Experiments atives GP1 and GP2 revealed two- to fourfold higher 50%

Tumor XenograftsBiodistribution of 24]P2 and [#4]GP2 was  inhibitory concentration (Ig) values for all integrins. The
evaluated in mice, using a murine osteosarcoma and a xenotrafistectivity of these peptides is comparable with the selec-
planted human melanoma model. It ha_ts previousl_y been demqﬂmy of cyclo(-Arg-Gly-Aspo-Phe-Val-). The biological
strated that both tumor models show high expression ot 4tjvities are~100-150 times higher for the, 85 integrin
integrin (12,16). than foray, Bs Or a;,B83. The negative control peptide cyclo

Murine osteosarcomas induced by injectiorf%r were serially R
transplanted into BALB/c mice. Tumor pieces efL mn# were (-Arg-p-Ala-Asp-Tyr-Val-) P5 showed no activity in the

injected by trocar close to the femur into the musculus quadriceﬁ@.nge of the test system fox 83 and aup B3 (awvBs was not
Mice (20—25 g body weight) with tumor weights 6500 mg were tested).
used for further investigations.

Human M21 melanoma cells (16) were cultured inahumidifieglcl)d'f;"buurn Studies del. initial i take GETIGP2
atmosphere with 5% CO The cell culture medium was RPMI n the melanoma model, initial liver uptake of{]

1640 (Seromed Biochrom, Berlin, Germany) supplemented WiYMas_Nlo'mld lower than that of'f9]P2 (at 10 min postin
10% fetal calf serum and gentamycine. Tumor xenografts wel@ction, uptake was 22 2.8 %ID/g for [*4]P2 and 2.6+
obtained by subcutaneous injection ok510F cells. Mice (20—25 0.2 %ID/g for ['29]GP2) (for structures of the peptides, see
g body weight) bearing tumors weighing 300—400 mg were usédg. 1). In contrast differences in renal tracer uptake were
for biodistribution. relatively small for the time points studied. The blood
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TABLE 3
Inhibition of Vitronectin (Vn) Binding to Immobilized ayB3 or ayBs and Fibrinogen (Fb) Binding to Immobilized «y,33
n=2)
ICso(aupBa; Fb) ICs0(cvBs; V) ICso(avBs; Vn)

No. Peptide* (nmol/L) (nmol/L) (nmol/L)

GRGDSPK 1,000 >10,000 600

c(RGDfV) 1,000 1,000 7
P2 c(RGD(l)yV) 700 600 10
P4 c(RGDA()Y) 3,000 4,000 40
GP1 c(RGDyK(SAA)) 3,000 4,000 20
GP2 c(RGD()yK(SAA)) 5,000 2,000 40
P5 c(RaDYV) NAT NAt

*Upper- and lowercase letters are used to distinguish between L- and p-amino acids in one-letter code for amino acids.
TNA, compound shows no activity in test system.

clearance of 9]P2 was approximately threefold fasterthat of [125]P2 at all time points. At 240 min postinjection,
than that for }29]GP2 (area under the blood time—activitytumor uptake of PA]GP2 was 3.4-fold higher than that of
curve (39 %ID/min d for [129]P2 vs. 109 %ID/min ¢ for [*24]P2 (3.1+ 0.3 %ID/g vs. 0.9+ 0.2 %ID/g). At this time
[129]GP2). Tumor uptake oflp]GP2 was higher than that point, the T/B was 16.0 for'f3]GP2, whereas it was only
for [129]P2 at all time points. At 240 min after tracer7.7 for [23]P2. For both tracers, the radioactivity coneen
injection, tumor uptake of'f|GP2 was 1.7+ 0.5 %ID/g, tration in the thyroid was considerably higher than that for
whereas it was only 0.4 0.2 %ID/g for [?4]P2. At this the melanoma (nude mouse) model?{[P2: 30 + 11
time point, the tumor-to-blood ratio (T/B) was slightly%ID/g; [*29]GP2: 175+ 34 %ID/g). For all other organ
higher for [?4]GP2 than for [29]P2 (8.9 vs. 6.8, respec systems, trends in tracer uptake &9[P2 and [23|GP2
tively). At 240 min postinjection, the activity concentratiorsimilar to those in the melanoma model were observed.
within the thyroid was 0.3+ 0.1 %ID/g for [234]P2 and Peptide }29]P4 was examined using BALB/c mice bear
11.8 = 6.5 %ID/g for [F23]GP2. All other organ systems ing osteosarcomas. Sixty minutes postinjection’8i]pP4,
except the intestine showed only low uptake8fiJ[P2 and most of the administered activity (about 75 %ID/mouse)
[129]GP2. However, the activity concentration in these owas detected in the intestine. All other examined organs
gans (e.g., muscle, heart, and lung) was about twofdtiowed only small amounts of the administered activity
higher for [29]GP2 than for [24]P2. The tumor-to-muscle (12).
ratio (T/M) at 240 min postinjection was 4.1 fd§i]P2 and Details of the tissue distribution offl]P2 and [24]GP2
7.0 for [129GP2. are summarized in Table 4 and Figure 2. The thyroid uptake
Similar results were obtained for the osteosarconsgnowed some variance. This variance may have resulted
model. Again, tumor uptake offIJGP2 was higher than from variable small amounts of free iodine in the different

HO. SAA
H
OH
3-[*I]lodo-D-Tyr* 3-[*I]lodo-D-Tyr* e
0
OH OH
[ o NH
Vals Lys®
"= CO=NH *—Go—N
He— 0 H— [ 0
NH NH
HO ¢ N\!‘: ? HO Eijﬁ)\/\/’\l/ 2
FIGURE 1. Schematic structure of first Asp® N\H Arg' Asp® g N\H Arg'
generation tracer ['?%1]P2 and new glycosy- GIV2 5
lated tracer ['251]GP2. Both peptides show Yy Gly
characteristic Bll’-turn with p-Tyr in i + 1
position and RGD site in y-turn conforma- [*1]P2 [*1NGP2
tion responsible for ayB3 selectivity.
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TABLE 4
Biodistribution Data for ['2%1]P2 and ['25]]GP2 in Melanoma-Bearing Nude Mice and Osteosarcoma-Bearing BALB/c Mice
[125]]P2 ['2511GP2
Organ (n=3) (n =4
time after injection (min) Melanoma Osteosarcoma Melanoma Osteosarcoma
Blood
10 0.77 = 0.02 1.72 = 0.44 2.20 = 0.11 3.59 = 0.35
60 0.17 = 0.02 0.27 = 0.03 0.41 = 0.11 0.68 = 0.25
120 0.17 = 0.01 0.23 = 0.08 0.60 = 0.01
240 0.06 + 0.02 0.12 = 0.02 0.19 = 0.09 0.19 = 0.04
Serum
10 1.43 = 0.01 3.04 = 0.82 3.64 = 0.18 6.36 = 0.68
60 0.29 + 0.03 0.43 = 0.06 0.57 = 0.15 1.00 = 0.40
120 0.30 = 0.02 0.32 = 0.10 1.03 + 0.07
240 0.09 + 0.03 0.21 = 0.04 0.24 = 0.10 0.24 = 0.06
Liver
10 21.96 + 2.78 19.06 = 0.92 2.59 = 0.24 6.03 = 0.53
60 11.23 £ 1.95 10.36 = 2.27 1.22 +0.32 2.98 = 0.98
120 422 = 1.91 0.72 = 0.19 2.04 = 0.11
240 0.78 = 0.28 2.18 = 0.65 0.56 = 0.18 1.23 + 0.19
Kidneys
10 12.09* 10.94 = 2.37 6.38 = 0.31 14.03 = 1.63
60 3.30 = 0.12 2.64 = 0.35 2.23 = 0.43 5.01 = 1.52
120 210 = 0.23 1.62 + 0.34 3.40 = 0.51
240 0.28 = 0.16 1.08 = 0.18 1.30 = 0.48 410+ 0.67
Muscle
10 0.42 = 0.04 0.94 = 0.13 0.84 = 0.05 175+ 0.73
60 0.25 = 0.05 0.43 = 0.05 0.50 = 0.19 0.68 = 0.17
120 0.36 = 0.02 0.29 = 0.03 0.54 = 0.11
240 0.10 = 0.03 0.24 = 0.04 0.23 = 0.07 0.53 = 0.05
Tumor
10 2.07 = 0.32 3.50 = 0.49 2.71 =0.18 5.86 = 1.19
60 1.30 = 0.13 2.02 = 0.49 2.05 = 0.55 2.58 = 0.91
120 1.46 = 0.16 1.81 = 0.30 2.45 = 0.39
240 0.41 =0.15 0.92 =+ 0.16 1.69 = 0.54 3.05 = 0.31
Heart
10 0.60 += 0.07 1.87 £ 0.35 1.31 = 0.038 2.87 = 0.25
60 0.22 = 0.07 0.67 = 0.13 0.46 = 0.10 1.19 + 0.34
120 0.49 = 0.038 0.35 = 0.08 0.91 = 0.18
240 0.07 = 0.02 0.24 = 0.04 0.27 = 0.06 0.70 = 0.10
Brain
10 0.09 + 0.02 0.17 = 0.02 0.20 = 0.01
60 0.05 = 0.01 0.07 = 0.01 0.09 = 0.02
120 0.05 = 0.01 0.09 = 0.03
240 0.02 = 0.01 0.05 = 0.01 0.11 = 0.06
Lung
10 2.36 + 0.46 458 + 1.05 3.91 = 0.35 7.02 = 0.91
60 0.93 = 0.21 1.68 = 0.18 1.51 = 0.40 2,51+ 0.73
120 1.06 = 0.11 0.98 = 0.21 1.72 = 0.21
240 0.29 = 0.10 0.55 = 0.05 0.83 = 0.20 1.49 + 0.16
Spleen
10 1.41 £ 0.36 2.25 = 0.11 3.97 = 0.22
60 0.78 = 0.26 1.23 + 0.32 2.47 = 0.72
120 0.99 = 0.24 1.83 + 0.18
240 0.10 = 0.04 0.79 = 0.30 152 + 0.22
Intestine
10 431+ 0.18 2.21 £0.20 4.41 = 0.21
60 12.83 = 1.74 2.61 = 0.61 3.97 = 1.32
120 15.04 = 2.51 2.16 = 0.41 433 = 0.38
240 20.05 = 3.40 2.92 = 0.63 4.93 = 1.04
Thyroid
10 2.21 + 0.64 3.49 = 227 8.80 = 3.29 16.96 = 4.29
60 1.95 + 0.46 6.40 = 2.27 7.69 = 2.54 47.81 + 39.42
120 15.61 = 7.08 14.32 = 5.21 87.59 * 44.09
240 0.29 + 0.08 30.02 = 11.16 11.82 = 6.54 174.63 = 33.71

* Experiments gave only one data point.
Values are given as %ID/g = SD.
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FIGURE 2. Comparison of biodistribution data of ['23[]P2 (m) and ['25]]GP2 (<) in melanoma-bearing nude mice and in BALB/c
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preparations used for the biodistribution studies (radi
chemical purity is generally-95%). However, because of
the low mass of the thyroid, the absolute uptake in th
organ was still low and did not interfere with the quality o
the image (e.g., 200 %ID/g thyroid corresponded wit
~0.5% ID per mouse). This was also confirmed by gamm
camera imaging.

Pretreatment Studies

The results of the pretreatment studies BA[P2 and
[*4]GP2 using the melanoma/mouse model are shown
Figure 3. Blocking with 3 mg cyclo(-Arg-Gly-Asp-Phe-
Val-)/kg for 10 min before the injection of]P2 and with
6 mg cyclo(-Arg-Gly-Aspe-Phe-Val-) for 10 min before
the injection of [24]GP2, respectively, reduced the activity
accumulation in the tumor te-0.5 %ID/g at 60 min postin-
jection for both tracers. This corresponds to a tracer acc
mulation of ~40% of control for [29]P2 and of~15% of
control for [2A|GP2.

Gamma-Camera Imaging

The planar image at 4 h postinjection &F[|GP2 (Fig. 49
clearly shows a contrasting tumor on the left flank of th
mouse with only marginal background signal. High-activit
concentrations also were found in the intestine and in tl
unblocked thyroid.

DISCUSSION

March 14, 2017. For personal use only.

thyroid

intestine

tumor

FIGURE 4. Gamma-camera image 240 min after intravenous

Sugar moieties are hydrophilic compounds that can lgection of 555 kBq ['**[]GP2 of osteosarcoma-bearing BALB/c
used to improve different properties of biologically activé&ouse. Contrasting tumor is clearly shown on left flank. Only

%I|D/g

5
4 [ pretreatment
3 I control

2
1
0

[125]]P2 [125]]GP2

FIGURE 3. Activity accumulation in tumor after pretreatment
using ayBs-selective peptide cyclo(-Arg-Gly-Asp-p-Phe-Val-) in
melanoma-bearing nude mice (n = 3). Data were determined 60
min after injection of ['251]P2 or ['23]]GP2. Cyclo(-Arg-Gly-Asp-
p-Phe-Val-) was injected 10 min before tracer injection. Right
columns show activity accumulation 60 min after injection of
tracer as control.

GLycosYLATED RGD-CoNTAINING PeEPTIDES * Haubner et al.

additional higher activity concentration was found in intestine
and in thyroid.

peptides, such as bioavailabilit§g,20), resistance against
proteases (21), solubility under physiological conditions
(22), or penetration of the brain—blood barri@3). For
example, Schottelius et al24) used different sugar moi-
eties, like glucose and mannose, to modify the pharmaco-
kinetics and tumor accumulation of SSTR-agonists. The
results included reduced liver uptake and elevated tumor
uptake, leading to excellent tumor-to-organ ratios. The use
of sugar amino acids for the improvement of these proper-
ties offers some advantages. These amino acids can easily
be used with standard peptide synthesis protocols and, be-
cause of the C—C bond at the anomeric center, the resulting
C-glycosylated peptides are very stable against metabolic
degradation.

In this report, we have described the introduction of a
sugar amino acid to improve the pharmacokinetics of our
recently described radiolabeled RGD-containing pentapep-
tides (12). We have also demonstrated that the optimized
glycosylated tracer allows for high-quality gamma-camera
imaging of ayBs-expressing tumors in mice. These data
suggest that this tracer could be a helpful tool for planning
and monitoring of antiangiogenic therapies.

Our comprehensive investigations concerning the devel-
opment of integrin subtype-selective cyclic peptides re-
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sulted, about 8 y ago, in the first selectivgBs-antagonist Ala-Asp-Tyr-Val-), which revealed an activity uptake of
cyclo(-Arg-Gly-Aspo-Phe-Val-) (17,18,25). This cyclic 0.32 %ID/g at 60 min postinjection in the tumdi2). These
pentapeptide was the lead structure for the developmentre$ults indicate that [[JGP2 may in fact be used to document
all further compounds. Therefore, the design of the glyctockade of they,3; integrin during therapy with unlabeled
sylated second-generation tracer was also based on #ngagonists such as EMD1219727f, SC68448 (28), and
structure and on data from further structure activity inve&M256 (29).
tigations (26), which demonstrated that substitution of the Comparison of the biodistribution data of the first-gen-
amino acid adjacent to the arginine residue in the cyclaration tracer 3]P2 with the glycosylated second-gener
pentapeptide core had no influence on selectivity and affiation peptide 4]GP2 (Fig. 2) showed that'f]P2 pre
ity for ayB3. Thus, valine of P2 was substituted with lysineferred the hepatobiliary elimination pathway aeJ[GP2
allowing the conjugation of the lysine side chain aminthe renal elimination pathway*3l]P4, the other first-gen
group with the carboxy function of the sugar amino acidration tracer, revealed even faster elimination kinetics than
(Fig. 1). Comparison of théH- and*3C-chemical-shift data those of [24]P2, with most of the administered activity
of GP1 (Table 2) with a set of cyclic pentapeptides with thisund in the intestine at 60 min postinjection. This result
same core structure cyclo(-Arg-Gly-AspXxx-Yyy-) (26) indicates that the more hydrophobi®q]P2 and [23]P4
indicates that the conjugation of the sugar moiety had meere eliminated rapidly from the circulatory system,
influence on the bent conformation of the RGD-side, whiclvhereas the hydropilic'f]GP2 (see also logP values in
is important for highay B3 affinity and selectivity. Table 1) was able to remain slightly longer in the circulatory
The results of the isolated, immobilized integrin receptosystem, which resulted in a clear increase in tracer uptake in
binding assay confirmed that introduction of the sugar mdhe tumor for the glycosylated tracer. The slower blood
ety at the amino function of Lyshas only minor influence clearance of P4]GP2 may also explain the higher activity
on theay B3 affinity and selectivity. The glycosylated pep concentration found in muscle, myocardium, and lung tis-
tide GP1 revealed about twofold higherslGralues and sue. Nevertheless, introduction of a hydrophilic group had
similar selectivities forw, 83 compared with the lead struc beneficial effects on the pharmacokinetics and markedly
ture cyclo(-Arg-Gly-Aspe-Phe-Val) (17). Subsequent iodi-improved the uptake of the tracer in tlag B;-expressing
nation of GP1 led to a marginal reduction in affinity andumors. In addition, the uptake of the glycosylated tracer in
selectivity. both tumor models seemed to remain very constant between
Recently, it has been shown tha}Bs also seems to be 60 and 240 min postinjection. This suggests that [I[|JGP2 is
involved in angiogenesis processes. Friedlander et7al. uitable for SPECT imaging when constant levels of tracer
demonstrated that the induction of angiogenesis in tleencentrations during data acquisition are important for
chicken egg (chick choreoallantoic membrane model) witiigh-quality images.
different cytokines follows different pathways. Stimulation The improved pharmacokinetics and increased uptake of
by basic fibroblast growth factor or by tumor necrosis fact¢g#?4]GP2 in the tumor resulted in increased T/Bs and T/Ms
« seems to inducey,B3; expression, whereas vascular en(30,31). The gamma-camera image of an osteosarcoma-
dothelial growth factor, transforming growth factat or bearing mouse at 240 min after injection &P[|GP2 con
phorbol ester stimulates expression of thg8s integrin. In  firmed the good tumor-to-organ ratios. The uptake in the
the study by Friedlander et al. (7), cyclo(-Arg-Gly-Asp- thyroid was somewhat higher than that f&¥|P2, but even
Phe-Val-), developed by Kessler et all7(18), blocked this value reflected a low accumulation in the whole thyroid
angiogenesis regardless of the stimulated pathway. Th(&4 %ID for a thyroid weight of 2 mg). This indicated, in
the described tracers should allow monitoring of tumogddition to the low signal of the thyroid visible at the
induced angiogenesis that is independent ofdfiéntegrin  gamma-camera image, that [*I]|GP2 is also sufficiently sta-
involved. However, in our in vitro assay, neither cycldle towards deiodination in vivo.
(-Arg-Gly-Aspb-Phe-Val-) nor the derivatives described A linear decapeptide containing two RGD sites has al-
here showed high affinity fos, Bs. This different behavior ready been used for imaging in one patient sti8R®)(In 14
in vitro and in vivo will be examined in further experimentspatients with melanoma, 11 metastatic lesions were imaged
The receptor-specific accumulation é#]GP2 in vivo with positive contrast. However, background activity in the
was demonstrated by competition experiments using cydlong and abdomen was high. Furthermore, the affinity of the
(-Arg-Gly-Aspp-Phe-Val-) (Fig. 2). Pretreatment of thepeptide for different integrins with an RGD-binding site
mice with the cold peptide clearly reduced the activitguch aswyBs, ayBs, andoy,B3 has not been described. On
accumulation in the tumor. Despite the different amounts tie other hand, it has been shown that small linear peptides
cyclo(-Arg-Gly-Aspo-Phe-Val-) used {fA]GP2, 6 mg/kg; show only low selectivity for distinct integrin subtypes,
[*49]P2, 3 mg/kg), ~0.5 %ID/g at 60 min postinjection recognizing the RGD sequence (e.g., GRGDSRR)Y.
could be found in tumors in both pretreatment experimentBhus, in contrast to images obtained by [I|GP2, which
perhaps reflecting the amount of unspecific bound activitgrovide information regarding,, 8; expression, it is unclear
This result has been confirmed by investigations with tre the moment which biological signal is determined by this
nonspecific control peptidé®l]-3-iodo-Tyr*-cyclo(-Argp-  linear decapeptide.
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In animal studies, visualization af, 3; expression has gressiveness of a malignant tumor in an individual pa-
been reported by andi, 3; antibody (LM609)-coated para tient.
magnetic liposomes and MRB4). An important advantage
of this approach is the high spatial resolution achieveGONCLUSION

which may allow us to image small angiogenic hot Spots The glycosylated second-generation tracer [I|GP2 exhib-
within a tumor mass. However, the long plasma half-life qfs high affinity for thea, 85 integrin in vitro and specific
the liposomes hampers differentiation of intravascular afb%ding toay Bs-eXpressing tumors in vivo. This study dem
specifically bound liposomes. In addition, quantification ddnstrated that our concept of introducing a sugar moiety in
ayBs expression is expected to be limited by the nonline@r peptidic tracer resulted in an increased initial activity
relationship between changes in the MRI signal and th@ncentration in the blood and drastically reduced uptake in
concentration of antibody-coated liposomes in the tissuge liver, leading to a clearly improved activity accumula-
Furthermore, it is not clear whether blockade®f3; by tion in the tumor. Thus, this glycosylated tracer allows
small peptide antagonists can be determined using theninvasive visualization of theyB; status with SPECT,
LM609 antibody. which should enable specific therapeutic planning and con-
In contrast to antibody-coated liposomes, the glycosyrol of antiangiogenetic therapies. Furthermore, this opti-
lated cyclic RGD-peptide [I]JGP2 showed rapid tumor upmized radiolabeledv,3; antagonist is a lead structure for
take and blood clearance, resulting in good T/Bs as earlyfasther developments to generate new tracers for the quan-
60 min after tracer injection. Thus, the biokinetic propertie#fication of a3 expression using PET.
of these compounds are compatible with gamma-camera
imaging and SPECT studies using short-lived radiOpharmﬂCKNOWLEDGMENTS
ceuticals such a¥3. Moreover, labeling witht®F for PET )
is also possible. Most recently, we develog&trc-, 88Re-, _ 1his work was supported by a grant from the Sander-
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