Original article

Unsulfated DTPA- and DOTA-CCK analogs
as specific high-affinity ligands for CCK-B receptor-expressing
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Abstract. Receptors for regulatory peptides such as soanalogs indicate that these compounds have substantial
matostatin or vasoactive intestinal polypeptide are expromise for use in the in vivo visualization of CCK-B
pressed by a number of human neoplasms and can be weceptor-expressing tumors.

sualized in vivo with peptide receptor scintigraphy. Re-

cently, the CCK-B receptor, which binds both gastrinKey words:Cholecystokinin-B receptors BMetal che-

and cholecystokinin with high affinity, was shown using lating ligands — Cholecystokinin — Octapeptide — Biodis-
in vitro methods to be overexpressed in a number of huyibution — Tumor targeting

man tumor tissues, including medullary thyroid carcino-

mas, small cell lung cancers, astrocytomas, gastrointestzur J Nucl Med (1998) 25:481-490

nal tumors, and stromal ovarian cancers. In the present

study, we have designed novel, unsulfated CCK octapep-

tide analogs linked to the metal chelating DTPA and _

DOTA, and have tested them for their binding affinity to Introduction

CCK-B receptor-positive tissue from human tumors: The

most potent compounds assayed were DTPAZNI The successful application of radiolabeled somatostatin
CCK(26-33) (MP2286) and DTPAMAsp?6,NIe2831- _and yasoactive intestinal pe_ptide analogs for the in_vivo
CCK(26-33) (MP2288) with an Ig of 1.5 M. For  imaging of receptor-expressing tumors [1', 2] has stimu-
comparison, analogs with C-terminal DTPA, such adated the search for other disease-associated peptide re-
[Nle28.3L Aphe33(p-NH-DTPA)]-CCK(26-33) and CCK- ceptors [3_, 4]. Peptides Which can be used to target abun-
(26-33)-NH(CH), NH-DTPA, had an Ig, of >100 M. ~ dant peptide receptors, particularly those which are se-
DOTA-[p-Asp?5,NIe28.3]-CCK(26-33) had an Ig of lectively expressed, may be especially useful as tools in
3.9 M. The compounds were selective for CCK-B re-nuclear medicine for the development of new diagnostic
ceptors as they did not bind with high affinity to CCK-A imaging agents and/or radiotherapeutics. Recently, we
receptors expressed in human tumors (meningiomas &@ave evaluated cholecystokinin (CCK)-A and CCK-B re-
gastroenteropancreatic tumors). In vivo rat biodistribueptors in the normal human gastrointestinal tract [5] as
tion studies with indium-111 labeled MP2286 andWwell as in a variety of human tumors [6, 7]. It was ob-
MP2288 showed that the primary mode of clearance waserved that specific tumor types frequently express CCK-
renal, and the primary sites of uptake (% ID/g 24 h p.i.)B receptors, namely medullary thyroid carcinomas
were kidneys (0.270 and 0.262, respectively) and théMTCs), small-cell lung cancers (SCLCs), astrocytomas,
gastrointestinal tract. The CCK-B receptor-expressin@tromaj ovarian tumors, and some gastroenteropancreatic
gastric mucosa showed specific in vivo accumulation ofumors [7]. We were able to design an iodinated CCK
11n-labeled MP2288 which could be blocked in theanalog, the nonsulfaté@3[o-Tyr-Gly, Nle?.3]-CCK(26
presence of excess unlabeled MP2288In-labeled —33), which retained high affinity in the nanomolar range
MP2286 and MP2288 were also found to be stable ignd showed high specificity for human CCK-B receptors
human plasma whereas both compounds were degradéd, as a potential radioligand for in vivo scintigraphy.
in urine (>40% after 3 h at 37°C). The affinity, specifici- However, for routine use in diagnostic nuclear medicine,

ty, biodistribution, and stability of these two DTPA-CCK it would be preferable to have CCK analogs linked to a
chelator, such as DTPA or DOTA, which can then be la-

Correspondence tal.C. Reubi, Division of Cell Biology and Ex- beled with indium-111 or other clinically useful radioiso-
perimental Cancer Research, Institute of Pathology, University otopes. This approach would represent further progress, as
Berne, Murtenstrasse 31, CH-3010 Berne, Switze ‘and observed previously with Octreoscan [1].
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In the present study, we therefore designed and symethod C.ncorporation of DTPA at the C-terminus: The protect-
thesized a number of CCK derivatives linked to DTPA ored peptide containing-Boc-Asp(OtBu)-OH at the N-terminus
DOTA. These compounds were tested for their affinityWas prepared according to the standard protocol above using di-
for CCK-A and -B receptors expressed by human tu_amin_oethane-trity_l resin. At the enq of t_he synthesis, the p_rotected
mors, using in vitro receptor autoradiography. The Compeptlde was obtained from the resin using 3x2 ml of 1% trifluoro-

. . .l 2 acetic acid in methylene chloride. Trifluoroacetic acid was neu-
pounds with the highest binding affinities were furthertralized with 5 ml of 5% triethylamine, evaporated to dryness, and

tested in vitro for their stability in human plasma andgissoived in 1 ml ofN,N-dimethylformamide (DMF). To this solu-
urine and in vivo for their biodistribution behavior in tion, 75 mmol of trit-butyl-DTPA anhydride in DMF (prepared
normal rats. from 75 mmol of trit-butyl-DTPA and 75 mmol of dicyclohexyl-
carbodiimide in 1 ml of DMF) was added, and the solution was
shaken for 2-3 h. DMF was removed under reduced pressure. De-
Materials and methods protection and isolation of MP-2312 was carried out as described
in general methods.
General method for the solid phase synthesis
of CCK analogs Method D.Incorporation of DOTA at the N-terminus: An identical
procedure to that described in method A was followed for the in-
Solid phase peptide synthesis was performed using an Appliedorporation of DOTA at the N-terminus. Trbutyl DOTA was
Biosystems Model 432 A Synergy Peptide synthesizer usingplaced in the synthesizer instead ofttbutyl-DTPA, and the acti-
Fmoc (9-fluorenylmethoxycarbonyl) strategy [8]. Instrument pro- vation was carried out in a similar manner. ffoutyl DOTA was
tocol required resin containing 25 mmol of Fmoc-amine contentsynthesized internally by a modification of the procedure of Mis-
and 75 mmol of subsequent Fmoc-protected amino acids activatdata et al. [11]. At the end of the synthesis, MP-2354 was isolated
by a combination ofN-hydroxylbenzotriazole (HOBUt)/(2-(1-H according to the general method described above.
benzotriazol-1-yl)-1,1,1,3-tetramethyluronium  hexafluorophos-  The structures of the synthesized CCK analogs are shown in
phate (HBTU). Three letter codes for common amino acids ar&able 1. The various structural modifications were chosen in order
used. All the standard Fmoc-protected amino acids were purfl) to improve the peptide stability by modifying or replacing
chased commercially unless otherwise stated. The unusual amirtbose amino acids most susceptible to facilitate peptide degrada-
acids used have the following abbreviatiopsaminophenylala-  tion, (2) to identify an adequate location to attach a chelator mole-
nine, Aphe; 2,3-diaminopropionic aci@-Dpr. Fmoc-p-Alloc)- cule without loss of receptor affinity.
Aphe-OH was prepared from Fmoc-Aphe-OH and allyloxycar-
bonyl chloride by standard procedures.
Rink amide resin was used for the synthesis of C-terminaEvaluation of binding affinities
carboxamide formation unless otherwise stated. After the synthewith in vitro receptor autoradiography
sis was completed, the peptides were cleaved from the resin
and deprotected using a mixture comprising trifluoroacetic acHuman tumors known from previous studies [7] to express either
id:phenol:thioanisole:water (85:5:5:5) for 6—-10 h at room temper-CCK-A or CCK-B receptors were used. All tissues were frozen
ature. The products were precipitatedtiputyl methyl ether and immediately after surgical resection and stored at —70°C. Receptor
centrifuged. The peptide-resin mixture was washed tithtyl autoradiography was performed on 10- andu®-thick cryostat
methyl ether and centrifuged 56 times to remove residual cleayleitz 1720, Rockleigh, N.J.) sections of the tissue samples,
age mixture. Acetonitrile:water (2:3) was added to the residue anthounted on microscope slides, and then stored at —20°C for at
filtered to remove the resin. The filtrate containing the crudeleast 3 days to improve adhesion of the tissue to the slide, as de-
peptide was lyophilized and pure peptides were obtained by prescribed elsewhere [7]. Each tissue underwent receptor autoradio-
parative liquid chromatography. Molecular weight determinationgraphic processing with23-p-Tyr-Gly-Asp-Tyr(SQH)-Nle-Gly-
was done by mass spectrometry operating in electrospray modiép-Nle-Asp-Phe-amide 13-CCK), a radioligand identifying
(ESI). both CCK-A and -B receptors, as described previously [5, 7]. The
sections were preincubated in 50 mmol/l Tris-HCI, 130 mmol/l
Method A.For the incorporation of DTPA (diethylene triamine NaCl, 4.7 mmol/l KCI, 5 mmol/l MgClI, 1 mmol/l ethylene glycol-
penta-acetic acid), the N-terminal Fmoc-protecting group was rebis(3-aminoethyl etherN,N,N',N',-tetra-acetic acid, and 0.5% bo-
moved in the synthesizer. Trbutyl-DTPA (75 mmol) was placed vine serum albumin (BSA), pH 7.4 (preincubation solution), for
at the appropriate location in the synthesizer and activated simileB0 min at 25°C. The slides were then incubated in a solution con-
to other amino acids for coupling [9]. Cleavage, deprotection, andaining the same medium as the preincubation solution minus the
isolation of the peptides were carried out as outlined above. BSA, and the following compounds were added: 0.025% bacitra-
cin, 1 mmol/I dithiothreitol, Zug/ml chymostatin, 41g/ml leupep-
Method B.Incorporation ofp-(DTPA-NH)-Phe at the C-terminus: tin, pH 6.5, and the radioligand, 45 pmolA23-CCK
The peptide synthesis was carried out as described above with t(f2000 Ci/mmol; Anawa). The slides were incubated at room tem-
incorporation of Fmocg-Alloc)-Aphe-OH at position 8 and perature with the radioligand for 150 min. Increasing amounts of
t-Boc-Asp(OtBu)-OH at the N-terminus. The resin containing nonradioactive, sulfated CCK-8, gastrin, or each of the newly de-
the protected octapeptide was treated with Pd{RRh chloro- signed DTPA- or DOTA-CCK analogs were added to the incuba-
form:acetic acid:N-methyl morpholine (37:2:1) to remove thetion medium to generate competitive inhibition curves. On com-
allyloxycarbonyl protecting group [10]. The resin was transfer-pletion of the incubation, the slides were washed 6 times for
red back to the synthesizer and condensed with-hintyl- 15 min each in ice-cold preincubation solution, pH 7.4. The slides
DTPA as described in method A. At the end of the synthesis, MPwere rinsed twice in ice-cold distilled water for 5 s each. They
2336 was isolated according to the general method describedere then dried under a stream of cold air at 4°C, appos#dt to
above. hyperfilms, and exposed for 1-7 days in X-ray cassettes.
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The same protocol was used for the CCK-A and CCK-B re-intestine was removed, rinsed with distilled water, positioned on
ceptor analysis of the rat stomach, jejunum, ileum, and colon [5]. paper, photographed, and then scintigraphed. Stomach tissue has
The autoradiographs were quantified using a computer-assisbeen reported to express the highest density of CCK-B receptors
ed image-processing system, as described elsewhere [12]. Tiss[§ apart from the brain; therefore, after the above scintigraphic
standards for iodinated compounds (Amersham, Little Chalfontjmaging, individual stomachs with contents were weighed and to-
UK) were used for this purpose. tal radioactivity measured in a gamma counter. The stomachs
The selection of tumors expressing the adequate CCK receptavere then cleaned and rinsed with distilled water and then re-
was performed as reported previously [7]. Tumors were considweighed and counted to determine the radioactivity associated
ered as expressing CCK-A receptors when#ieCCK analog  specifically with tissue.
was fully displaced by 50M sulfated CCK-8 but not displaced
by 50 rM gastrin. Conversely, tumors were considered as express-
ing CCK-B receptors when thE3-CCK ligand was fully dis-  In vitro stability of CCK analogs in human urine and plasma
placed by nanomolar concentrations of sulfated CCK-8 and gas-
trin. Tumors expressing concomitantly CCK-A and -B receptorsThe stability of the analogs in urine was determined using 10x
were not used in this study. concentrated human urine prepared using a 10,000-dalton cutoff,
The two MP2286 and MP2288 analogs used in displacemenYM10 Amicon membrane. Reactions containedul@oncentrat-
studies were labeled witdn as follows: Theé3n-peptide com-  ed urine and radiolabeled peptide (see above), in a total volume of
plex was prepared by reacting MP2288 or MP2286 (70 nmol)100 ul of PBS, pH 7.2. Peptides were incubated for 3 h at 37°C
with 115nCl; (105 nmol) in 200ul of 0.005N HCI for 30 min at  and then analyzed by reverse phase HPLC on a Novo-Ralkolc
room temperature. The solution was lyophilized to dryness and redmn, 3.9x150 mm (Waters), using a 15-min linear gradient of 0 to
dissolved in 5 ™M NaHCQO, and analyzed by reverse phase high- 70% solvent B (solvent A, 5% acetonitrile, 0.1% trifluoroacetic
performance liquid chromatography (HPLC) and mass spectromeacid; solvent B, 90% acetonitrile, 0.1% trifluoroacetic acid). Simi-
try. The analysis indicated that the peptide was >99%-com- lar stability tests were performed using human plasma (Calbio-
plex. chem). Three-hour incubations were as described above except
that plasma was used in each J0@eaction.

In vivo biodistribution in rats

The overall biodistribution properties éflin-labeled MP2286 Results

and MP2288 were determined in rats. Peptide radiolabeling was o o ) )
performed in 25 ml NaOAc, 12.5 Ml Na-ascorbate, pH 5.0. The binding affinities of nine nonsulfated, DTPA-linked

Typically, reactions were carried out using 1 mi&€inCl; and  CCK analogs and one DOTA-CCK analog were deter-
1 pg peptide in a total volume of 2@l. After incubation for ~ mined by measuring the displacement of receptor-bound
15 min at room temperature the radiolabeled peptides were dilutet?]-|]abeled CCK in tumor tissue sections expressing
to desired volumes for injection using sterile phosphate buffereecCck-A and CCK-B receptors. The measured,|al-
saline (PBS) containing 5% ethanol. Radiolabeling efficiency wases are listed in Table 1. All of the tested compounds
greater than 99%, as measured with reverse phase HPLC on\ﬁith an N-terminal DTPA (MP2247, MP2286, MP2288
Novo-Pak Gg column, 3.9x150 mm (Waters), using a 15-min lin- ! " -
ear gradient of 0 to 70% solvent B (solvent A, 5% acetonitrile,MPz_zgo' MP2296, MP2294) showed very high affinity
0.1% trifluoroacetic acid; solvent B, 90% acetonitrile, 0.1% triflu- Pinding to CCK-B receptors. The compound MP2354,
oroacetic acid). For each compound, nine normal female Spragué@n N-terminal-DOTA-CCK analog, also displayed very
Dawley rats (180—-200 g) in groups of three were anesthetizetligh affinity for CCK-B receptors. The compound
with Metofane gas and injected via the jugular vein withug% MP2292, withL-Trp replaced witho-Trp, had a marked
of 114in-labeled peptide. At 1, 4, and 24 h post injection, groups ofreduction in observed affinity. Also, CCK analogs with
rats were sacrificed and, after collection of a blood sample by calB TPA conjugated at or near the C-terminus (MP2336
diac puncture, tissue samples were removed for radioassay. The 34 MP 2312, respectively) had very low binding affini-
injected dose per gram tissue was calculated against standard dilﬂ,— for the CCK-B receptor (Table 1). None of the synthe-
tions of the radiolabeled compounds. f A .

sized compounds showed any significant affinity for the

CCK-A receptor (Table 1). Figure 1 shows a displace-
In vivo blocking experiments ment experiment with the various CCK analogs using a

CCK-B receptor-expressing MTC and a CCK-A recep-
Animals were injected with14n-MP2288 prepared at high and tor-expressing meningioma, relative to sulfated CCK-8
low radio-specific activity to determine whether uptake into CCK-and gastrin as control substances. Their rank order of
B receptor-expressing target tissues is specific. High specific acdisplacement potencies corresponds closely to the values
tivity (HSA), 1400 Ci/mmol*in-MP2288 was prepared as indi- |isted in Table 1. MP2288 and/or MP2286, which differ
cated above. The same radiolabeled material was used to prepqgmy by the presence ofAsp (MP2286) op-Asp at the
low specific activity peptide (~0.5 Ci/mmol) by addition of 0.5 mg N-terminus (MP2288), have very high binding affinities
of unlabeled peptide to 180Ci of radiolabeled material. Two sets . Il the tested t ,t ing CCK-B t
of three rats (fasted for 24 h) were anesthetized and then injecté(%a € lested tumor types expressing recep or_s
with 50 uCi of high or low radio-specific activity peptide. The an- (MTCS, SCLCs, astrocytomas, gastroenteropancreatic
imals were imaged by gamma scintigraphy at various times podMors, stromal ovarian tumors). Furthermore, chelation
injection. At 120 min post injection, the animals were sacrificed,0f the DTPA ligand with!19n in MP2288 or MP2286
and the gastrointestinal tract from the stomach to the distal largdoes not affect the binding affinity for the CCK-B recep-
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Table 1. Structures and binding properties }Cof various DTPA- and DOTA-CCK analogs to human tumoral CCK-A and CCK-B re-
ceptors (substituted aminoacids are in itislic)

Code Nr. Synthesis  Structures Binding properties
method

CCK-B-R IC5 (nM)  CCK-A-R IC5, (M)

MP2247 A DTPA-Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-NH 2.3 >100
MP2286 A DTPA-Asp-TyrNIe-Gly-Trp-Nle-Asp-Phe-NH 15 >100
MP2288 A DTPAbAsp-Tyr-Nle-Gly-Trp-Nle-Asp-Phe-NH 15 >100
MP2290 A DTPADpAsp Tyr-Met-Gly-Trp-Met-Asp-Phe-NH 2.8 >100
MP2296 A DTPA-Asp-Tyr-Thr-Gly-TrpNle-Asp-Phe-NH 4.5 >100
MP2294 A Dpr-(B-DTPA)-Tyr-Nle-Gly-Trp-Nle-Asp-Phe-NH 3.5 >100
MP2292 A DTPADAsp-Tyr-Nle-Gly-pTrp-Nle-Asp-Phe-NH 42.0 >100
MP2312 B Asp-TyrNle-Gly-Trp-Nle-Aspp(DTPA-NH)Phe-NH >100 >100
MP2336 C Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-NH-(GH-NH-DTPA ~ >100 >100
MP2354 D DOTAbAsp Tyr-Nle-Gly-Trp-Nle-Asp-Phe-NH 3.9 >100
MTC
100 7
R
£
o
£
°
£
£
@CCK-8s
8 50 W MP 2247
% A MP 2290
& MP 2292
5 OMP 2294
(&) OMP 2296
—_ AMP 2286
3 OMP 2288
- =MP 2312
V MP 2336
0 t t
0.01 0.1 1 10 100
a Peptides nM
- . Fig. 1A, B. Competition experi-
100 Menlngloma CCK-A R ments using23-CCK as radioli-
gand with increasing concentra-
) tions of sulfated CCK-8 or gas-
°= trin as controls, and increasing
;, concentrations of the nine differ-
§= ent DTPA-CCK analogs (listed
° in Table 1).A Tissue sections
‘a from a CCK-B receptor-express-
g’ @CcCKas ing MTC,; B tissue sections from
g 50 T awpze a CCK-A receptor-expressing
; AMP 2290 meningioma. Each tissue section
) S o was incubated with 45 pmol/|
Q LIMP 2296 129-CCK. Eachpointrepresents
§ AMP 2286 the radioligand binding to tumor
- OMPp 2288 tissue as determined by absor-
-MP 2312 . .
VMP 2336 bance in autoradiographs. Non-
X Gastrin specific binding was subtracted
0 " ; + ' ¥ o from all value:
0.01 0.1 1 10 100 1000
b Peptides nM
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MTC Table 2. Percent injected dose 8fin-MP2288 per gram of tissue
sample (% ID/g=SERn=3)
1004

B Tissue Time post injection
o
c
g 1h 4h 24h
F=]
§ 50+ Blood 0.062+0.008 0.014+0.001 0.004+0.000
Q Liver 0.086+0.009 0.099+0.013 0.042+0.002
g eCCKS8s Kidneys 0.402+0.035  0.261+0.016  0.262+0.009
i A MP 2288 Skeletal muscle  0.013+0.001  0.004+0.000  0.004+0.000
a ® 115-In-MP 2288 D M Bone 0.028+0.003 0.013+0.001 0.014+0.001
0 oo o ; T 100 Spleen 0.02740.001  0.019+0.002  0.021+0.001
' ' Heart 0.022+0.003  0.006+0.000  0.005+0.000
Peptides nM Lung 0.053+0.010  0.025+0.007  0.019+0.008
Fig. 2. Competition experiment with sulfated CCK-8 (control), Pancreas 0.050+0.003 0.047+0.010  0.027+0.003
MP2288, and!18n-MP2288 in a CCK-B receptor-expressing Stomach 0.303+0.106  0.079+0.024  0.099+0.030
MTC. Same experimental conditions as described in F-ig. 1 Small intestines  0.101+0.029  0.026+0.007  0.019+0.005
Large intestines 0.141+0.086 0.123+0.035 0.151+0.065
Breast-Ca (CCK -B-R) a|ncludes conten s
100 -
®
£ Table 3. Percent injected dose &fin-MP2286 per gram of tissue
_{3_; sample (% ID/g+SEn=3)
[=
§ 50 | Tissue Time post injection
Q
g 1h 4h 24 h
q ® CCK-8s
3 W MP 2354 Blood 0.066+0.008  0.010+0.000  0.005+0.000
N . ‘ ‘ . Liver 0.043+0.004  0.029+0.001  0.023+0.001
0.01 0.1 1 10 100 Kidneys 0.428+0.023  0.331+0.008  0.270+0.015
Skeletal muscle  0.014+0.001  0.004+0.000  0.004+0.000
Peptides nM Bone 0.032+0.004 0.012+0.001 0.011+0.000
Fig. 3. Competition experiment with sulfated CCK-8 and the Spleen 0.030+0.002  0.022+0.001  0.022+0.001
DOTA analog MP2354 in a CCK-B receptor-expressing breastieart 0.023+£0.002  0.006+0.000  0.004+0.000
cancer. Same conditions as in Fi'. 1 Lung 0.050+0.002 0.014+0.001 0.008+0.000
h Pancreas 0.039+0.002 0.023+0.001 0.017+0.002
Stomach 0.083+0.004  0.123+0.027  0.063+0.007

CSmaII intestines  0.108+0.030  0.038+0.007  0.014+0.002

r i - - i . :
tor, as seen in a CCK-B receptor-expressing MT Large intestines 1.231+0.353  0.412+0.146  0.166+0.040

(Fig. 2). Substitution of the DTPA chelator with DOTA
also had no major effect on binding affinity, as demon= ,¢judes conten s
strated by the I¢, value determined for MP2354 using a
breast tumor sample expressing CCK-B receptors (Table
1, Fig. 3). MP2288, but at 4 and 24 h post injection the two com-
MP2286 and MP2288 were investigated further forpounds distributed in a similar pattern. The uptake into
their biodistribution properties in normal rats and forthe large intestines showed a greater discrepancy be-
their stability in human urine and blood plasma. Tables 2ween the two compounds, with MP2286 showing al-
and 3 and Fig. 4 show the biodistribution of these twanost ninefold greater accumulation than MP2288 at 1 h
compounds as the mean percentages of the injected dgsest injection. However, at 24 h post injection the distri-
(% ID) per gram tissue. For both compounds tested, thbutions into this organ were nearly identical (Tables 2,
blood and peripheral soft tissues such as kidneys, mu8). The uptake into the large intestines was determined
cle, spleen, heart, and small intestine showed very simivithout removal of contents, and the difference between
lar localization and low retention patterns. Blood clear-MP2288 and MP2286 may in part be due to variability
ance was rapid for both compounds over the 24-h time intestinal fecal content. In separate studies, animals
course studied. The bone (femur) tissue also showed fasted for 24 h displayed much less uptake variability in
very similar pattern of localization and very low level of the large intestines (data not shown). Urinary excretion
retention for both compounds. MP2286 cleared slightlywas rapid for both compounds and not significantly dif-
more rapidly from the liver, pancreas, and the lungsferent for MP2286 compared with MP2288 (84%+2.7%
compared with MP2288. The stomach and contents indivs 77%+7.6%), and fecal excretion was low
cated a higher value at 60 min post injection for(6.2%+1.8% for MP2288 vs 7.2%+2.6% for MP2286).
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the entire region of the gastrointestinal tract for possible
Fia. 4. Biodistribution of 114n-MP2288 and 114n-MP2286 receptor expression, the whole gqstromtestmal tract from
(Bg)’ in normal Sprague-Dawley rats at 1,@;1), and 24 h post injectio&he stomach to the distal large mt_est_mes was removed
(see text for detailsrror barsindicate standard erron € 3) intact, phptographed, and then §C|nt|graphed (Fig. 6A
and B). Figure 6B shows the ex vivo scintigraphy of the
resected gastrointestinal tract from three rats. The stom-
The overall recovery was nearly identical (93%z=0.3%achs displayed high uptake of radiolabeled peptide, cor-
for MP2286 vs. 86%+5.3% for MP2288). Scintigraphic responding to specific binding, since it was blocked in
images of the biodistribution of MP2288 taken at 90 minthe presence of excess cold peptide (using low specific
p.i. in 24-h fasted rats are shown in Fig. 5 and underactivity MP2288). The rest of the gastrointestinal tract
score the rapid renal clearance and low-level uptake intdid not show tracer uptake, except for an area which
most tissues. forms the boundaries of the duodenum and jejunum,
To further evaluate the specificity of in vivo uptake of where a strong, albeit apparently nonspecific uptake,
the labeled CCK-8 analogs into CCK-B receptor-ex-was observed. Radioactivity associated with either the
pressing tissues of the gastrointestinal tract, a recept@roximal or distal regions of the small intestines was not
blocking study was performed using 24-h fasted normahffected by the blocking dose (data not shown). In agree-
rats injected witht1in-MP2288 radiolabeled at high or ment with the above-described specific in vivo labeling
low specific activities (1400 Ci/mmol vs 0.5 Ci/mmol) of the stomach, in vitro receptor autoradiography re-
to distinguish regions of nonspecific binding from re-vealed a high density of CCK-B receptors in the rat gas-
gions which display specific CCK receptors. In a prelim-tric mucosa, whereas ileum and colon did not show mea-
inary study with high specific activity1lin-MP2288,  surable amounts of CCK-B receptors, but only a moder-
fasted animals were imaged by scintigraphy at 15-mirate number of CCK-A receptors in the smooth muscles
intervals over a 4-h time span. It was found that betwee(Fig. 6C and D). The stomach tissue was examined fur-
1 and 3 h a majority of the radioligand had cleared fronther by determining total radioactivity of the intact or-
most tissues but that significant uptake was still apparergan, before and after removal of contents, with and with-
in the gut region. We therefore sacrificed animals abut receptor blocking conditions. Specific in vivo bind-
120 min post injection for evaluation. In order to maping to stomach tissue was only apparent after removal of
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Fig. 7. In vivo uptake of highgdlain barg or low (hatched barp
specific activity radiotracer (1400 Ci/mmol and 0.5 Ci/mmol
11n-MP2288 respectively) into stomach tissue beférednd af-

ter B) removal of contents. Radioactivity was measured by gam-
ma counting anerror barsindicated standard deviation € 3).

An 1% injected dose corresponds to 425,000 cpm+4250 cpm. A
strong blocking effect of excess cold peptidel{#n-MP2288 at

low specific activity) is seen in the stomachs with their contents
removec

MP2288 compared with high specific activity MP2288
amounted to 65.6% (Fig. 7).

; Preliminary HPLC evaluation of excreted urine from
Fig. 6. A, B In vivo uptake of!tin-MP2288 using high (-) and rats injected iv. with!1in-MP2286 or14n-MP2288
low (+) specific activity radiotracer (see Fig. 5 and text for addi- Showed that there was no intact peptide present 1 h after
tional details) measured in the corresponding excised gastrointetracer injection (data not shown). A first attempt to ex-
tinal tracts of ratsA Photographs of the excised gastrointestinal amine the nature of this degradation and at which level it
tract.B Scintigrams of the excise_d gastrointestinal traatge ar- occurred was made by determining in vitro the stability
Irow,I sttﬁma::h Ievelsmalldarrtow ileum Ie\?erlila:qrowhead 9?'0” , kof the two compounds in both rat and human plasma and
evel; the star corresponds to a region of high nonspecific uptake, ; ; : ; _
(no blocka_de with excess cold_peptide). THEIN-MP2288 is only _ ?1r1||r:1€-‘M\ée;gggtﬁaieggasi?\?gg icr:f r?:hoitaﬂrrﬁﬂaizsazrﬁ; af-
blockgd V\./Ith.eXCESS cold peptide at the stomach level, suggestlri% . ion f h o % i ide). Th
specific binding to CCK-B receptor€, D In vitro CCK-receptor rincubation for 3 h at 37°C (>90 0 Intact peptl e). The
autoradiography of the rat stomadd)(and ileum D). a Hema- ~ COmpounds were also stable when incubated in the pres-
toxylin-eosin stained sections. Autoradiographs showing total €nce of the low molecular weight filtrates of rat or hu-
binding of125-CCK, representing CCK-A and CCK-B receptors. man urine filtered through an Amicon YM10 membrane
c Autoradiographs showing nonspecific binding in the presence 0{10,000-dalton cutoff) (data not shown) or in buffered
50 M unlabeled sulfated CCK-8 Autoradiographs showing saline for 3 h at 37°C (Fig. 8). This shows that the ob-
non-specific binding in the presence of 5@ mnlabeled gastrin.  served degradation is not due to ligand instability due to
The residual binding id (in mucosa or muscles) represents CCK- temperature, pH effects, or the presence of metal com-
Q;icde‘gg; ;”r')é'c Zh;géstg'eciggf‘rffcggz ﬁahs'gnhodgg§t¥e?:‘;ctgfsbetitors. In contrast, in similar incubations, the two test-
whereas the ileal mFl)JscIés have only CCK-A rece;:tors P ed. CCK Sjerlvgtlves were partly degrade_d in unfiltered

urine or in urine protein (retained fraction of tenfold

concentrated urine filtered on YM10 membrane, Fig. 8).
Both compounds showed identical decay rates with more
the contents. Figure 7 shows that low specific activitythan 50% intact peptide present after 3 h. Both com-
MP2288 had a much reduced uptake compared witpounds yielded similar but not identical degradation
high specific activity MP2288, when measured in ratproducts as determined by HPLC (Fig. 9). This provides
stomachs which were resected and then washed frofarther evidence that the observed products are DTPA-
their contents, confirming that specific CCK-B receptorslinked peptide degradation products and not the result of
can be specifically labeled in vivo with this CCK analog.11ln transchelation into high molecular weight urine
The percent binding inhibition of low specific activity factors.

European Journal of Nuclear Medicine Vol. 25, No. 5, May 1998



488

AN B deed, it is well established [13] that a sulfated tyrosine in
- ' - position 27 of CCK-33 is necessary for CCK and short
CCK derivatives to retain high affinity for both CCK-A
i ] 1 and CCK-B receptors. Replacement of sulfated tyrosine
60 |- 1 6o . with tyrosine results in compounds that bind selectively
I 1 T i to the CCK-B receptor. Moreover, the high-affinity bind-
ing observed in vitro for the two best compounds,
MP2286 and MP2288, is retained when they are chelat-
i I ] ed with119n. An 1C5, value below 2 M of this category
ol ol of compounds is considerably better than the binding af-
0 o2 8 otz 3 finity of the 118n-DTPA-octreotide to somatostatin re-
Time thoure) Time (hours) ceptors [14]. As expected, the DOTA-containing CCK

Fig. 8. In vitro degradation oftlin-MP2288 @) and 'in-  qgctapeptide analog (MP2354) also binds with high affin-
MP2286 B) in human urine. Data obtained from integration of ra- j;

diometric traces shown in Fig. 9 and graphed as percent intact” > ; ; A affin P
peptide with respect to total eluted radioactivity. Saline controls In addition to their selective and high-affinity binding

incubated at 37°C for 3 h»(); and urine protein fraction incubat- characterlstlcs,_ the two D.TPA_CCK compounds also ap-
ed at 37°C for 3 h(®). Error barsindicate standard erron € 3) pear to be quite stable in human plasma. Other com-
pounds tested, MP2247 and MP2290 for example, were
much less stable (data not shown). Increased plasma sta-
bility is probably due, in part, to the substitution of the
two methionines in these latter compounds for norleu-
cine (present in MP2286 and MP2288) [15]. The insta-
bility of 11Yn-labeled MP2288 and MP2286 found in
urine and in a urine protein fraction may be related to
M the fact that the kidney is the major place of inactivation
of CCK and gastrin [16]; this appears to be due to enzy-

R o 10 20 0 10 20 0 matic degradation, although further studies are necessary
1D TE 1E to determine the nature of the degradation products ob-
served in Fig. 9. It is not clear what effect urine stability
would have on the overall imaging properties of these
compounds.

The results of the in vivo rat biodistribution studies
M showed that both MP2286 and MP2288 clear rapidly by

100

80 - -1 80 N

40 4 a0t 4

Percent Intact Peptide

1.0—A —B fC

Relative Activity
o
P

0.5+ B B

Relative Activity

_ renal excretion, and display low uptake/retention in the
00 Jo {— - ‘ main peripheral soft tissues. These properties are desir-
o 1 2 o 1 2 0o 1o 22 3  gplefor receptor-targeted imaging agents [1], particular-
Time (minutes) Time (minutes) Time (minutes) . .
ly when the receptor targets are located in the thoracic
Fig. 9. In vitro degradation of*in-MP2288 f-C) and™lin-  greq (j.e., for the visualization of SCLCs and MTCs).
e . ™ Generall. the two compounds distibuted in  simier
line control samples after 3 h incubation at 37BCE); and sam- manner in vivo when compar_ed (_jlrec_:tly with e"."Ch Oth_er'
ples incubated in saline with urine prote@, €) after 3 h at 37°C Their general pattern of distribution is not ba_15|cally dif-
(see methods for details). Secondary peak€ iand F indicate  ferent from that ofttin-DTPA-p-Phe-octreotide [17],
113n-DTPA-peptide-linked degradation products except that their kidney retention is much lower.
Blocking studies, where the uptake of radiolabeled
CCK was determined in the presence and absence of an
Discussion excess amount of unlabeled peptide, illustrate the in vivo
specificity of the imaging molecules. The blocking ef-
The present study describes for the first time peptididect of excess cold peptide was evaluated on the gastrin
CCK analogs potentially suitable for scintigraphic inves-target tissues of normal fasted rats because a CCK-B-
tigations. These new DTPA- or DOTA-linked CCK ana-receptor expressing animal tumor model was not avail-
logs are highly specific for the CCK-B receptor and ex-able. This study shows that MP2288 specifically binds in
hibit a nanomolar binding affinity. The compounds vivo to the CCK-B receptors present in normal CCK tar-
which bind with high affinity have the DTPA or DOTA get tissues. Significant uptake of high specific activity
moiety coupled to the N-terminal end of the CCK octa-114n-MP2288 into stomach tissue was observed, and a
peptide whereas those which have low or no measurabsibstantial blocking effect on the uptake was observed
affinity have the chelator molecule at the C-terminalusing low specific activity!1lin-MP2288. This is ex-
end. The high specificity towards CCK-B receptors isplained by the fact that the stomach, in rat and human, is
determined by the presence of nonsulfated tyrosine. lrene of the organs with the highest levels of CCK-B re-
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ceptor expression [5]. Conversely, the rat ileum and co-

lon, which express only CCK-A receptors, did not show

uptake of the CCK radioligands in vivo. There was also 3
a narrow region of uptake in the duodenal/jejunal region

of the small intestines. This uptake was observed using4l Fischman AJ, Babich JW, Strauss HW. A ticket to ride: pep-

both high and low specific activity peptides, suggesting

low affinity or nonspecific binding only. No uptake of 5
MP2288 was observed scintigraphically in brain tissue,
which is rich in CCK receptors, because such peptide
analogs cannot cross the intact blood-brain barrier, at
difference to the nonpeptide CCK-analogs [18, 19]. Sim- 6.
ilar results were obtained previously in somatostatin re-

ceptor studies in rats where the in vivo uptakd?df
octreotide and!in-DTPA octreotide [14] in somatosta-

tin receptor-expressing targets, such as adrenals, could
be blocked with unlabeled octreotide. Evidence for the g
specificity of the visualization process is therefore clear-
ly given by the present data, suggesting that DTPA-CCK
radioligands can label physiological CCK-B receptors in 9.

vivo, even in the absence of an adequate tumor model.

The present study shows that CCK analogs N-termi-

nally linked to chelators retain high affinity and high se-

lectivity for CCK-B receptors. These derivatives also1®
have considerable stability in plasma and are rapidly
cleared from the circulation through the kidneys. More-;
over, it has been shown previously that CCK-B receptors™

can be efficiently internalized into cells upon CCK Ii-
gand binding [20], a mechanism which is thought to re-

present the basis for the in vivo accumulation of peptide2.
radioligands in the cells expressing the corresponding
peptide receptors. All the above-mentioned characteris-

tics make these DTPA- and DOTA-CCK compounds
highly promising as radioligands for the in vivo targeting

of human tumors expressing CCK-B receptors, such ajs3'
MTCs, SCLCs, astrocytomas, and stromal ovarian can;,
cers, as well as some gastrointestinal, pancreatic, an

breast tumors [7, 21, 22]. According to published inci-
dence figures [6, 7], CCK-B receptor scintigraphy
should identify the great majority (>90%) of MTCs,
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the localization of intestinal adenocarcinomas and endocrine
tumors.N Engl J Medl994; 331: 1116-1121.

Reubi JC. Neuropeptide receptors in health and disease: the
molecular basis for in vivo imaging. Nucl Med1995; 36:
1825-1835.

tide radiopharmaceutical3.Nucl Med1993; 34: 2253-2263.
Reubi JC, Waser B, Laderach U, Stettler C, Friess H, Halter F,
Schmassmann A. Localization of cholecystokinin A and cho-
lecystokinin B/gastrin receptors in the human stomach and
gallbladderGastroenterology1997; 112: 1197-1205.

Reubi JC, Waser B. Unexpected high incidence of cholecysto-
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7. Reubi JC, Schaer JC, Waser B. Cholecystokinin (CCK)-A and
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Atherton E, Sheppard RGluorenylmethoxycarbonyl-poly-
amide solid phase peptide synthesis. General principles and
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Peptide Symposium 1997, Nashville, Tennessee: Abstract
P110.
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for continuous flow synthesis of cyclic and branched peptides.
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1. Mishra AK, Draillard K, Faivre-Chauvet A, Gestin JF, Curtet

C, Chatal J. A convenient novel approach for the synthesis of
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boneau JW, Reading CC, Moertel C. Detection of somatosta-
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50: 5969-5977.

Wank SA. Cholecystokinin receptorAm J Physiol1995;
269: G628-G646.

Bakker WH, Albert R, Bruns C, Breeman WAP, Hofland LJ,
Marbach P, Pless J, Pralet D, Stolz B, Koper JW, Lamberts
SWJ, Visser TJ, Krenning EP{iIn-DTPA-p-Phé)-octreo-
tide, a potential radiopharmaceutical for imaging of somato-
statin receptor-positive tumors: synthesis, radiolabeling and in

considerably more than are presently detected with Oct- vitro validation.Life Sci1991; 49: 1583-1591. _
reoscan [1, 23]. It also may be possible to use a cocktalp. Pierson ME, Comstock JM, Simmons RD, Kaiser F, Julien R,

of radiolabeled DTPA-octreotide and DTPA-CCK to am-
plify the scintigraphic signal in MTCs, since both so-

matostatin and CCK-B receptors are eXpreSSEd Concomi-G. Reeve JR, Eysselein V, Solomon TE, Go VLW, eds. Cholecys-

tantly in many of these tumors [24]. Finally, since

DOTA-CCK analogs also bind with high affinity to 17
CCK-B receptors, radiotherapy may be possible using an

yttrium-90 labeled peptide [25, 26].
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