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Copper-64 (T,,, = 12.8 hr) is a reactor-produced radionuclide
that has applications in both nuclear medicine imaging by PET
and radiotherapy. Octreotide, a somatostatin receptor ligand,
has been conjugated with TETA and CPTA, labeled with ®Cu,
evaluated both in vitro and in vivo and compared to ' 'In-DTPA-
D-Phe’-octreotide. Methods: The carboxylic acid moieties on
theT bifunctional chelates were conjugated to the N-terminal
amine of D-Phe using the linking agents hydroxybenzotriazol
(HOBT) and diisopropyicarbodiimide (DIC). Receptor binding
assays on all three radiolabeled octreotide conjugates were
accomplished in AtT20 mouse pituitary carcinoma cell mem-
branes. In vivo biodistribution was performed using normal
Sprague-Dawley rats and Lewis rats carrying a somatostatin
receptor-positive rat pancreatic tumor. Results: The binding
affinities of ®*Cu-CPTA-D-Phe’-octreotide and $*Cu-TETA-D-
Phe'-octreotide in AtT20 cell membranes were both greater
than '"'In-DTPA-D-Phe’- octreotide (Ky, 78.5 pM, 314 pM and
3.28 nM, respectively). In normal rats, 8*Cu-CPTA-D-Phe'-oct-
reotide was localized primarily in the liver. Copper-64-TETA-D-
Phe'-octreotide, similar to *''In-DTPA-D-Phe’-octreotide, had
moderate uptake in the kidneys; the hepatobiliary uptake
was negligible. In rats bearing CA 20948 pancreatic tumors,
both 8*Cu-CPTA-D-Phe'-octreotide and ®4Cu-TETA-D-Phe’-
octreotide had uptake in tumors comparable to or better than
|n-DTPA-D-Phe'-octreotide. Conclusion: Of the two ®‘Cu-
labeled octreotide conjugates evaluated, 8*Cu-CPTA-D-Phe'-
octreotide has the highest affinity for the somatostatin receptor;
however, the clearance was hepatobiliary with slow excretion.
Copper-64-TETA-D-Phe'-octreotide binds to the somatostatin
receptor with five times the affinity of '"'In-octreotide, has de-
sirable clearance properties (renal clearance with rapid excre-
tion) and is a potential agent for PET imaging of somatostatin
receptors.
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Somatostatin is a 14 amino acid peptide which plays an
inhibitory role in the normal regulation of several organ
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systems: the central nervous system (CNS), the hypothala-
mus and the pituitary gland; the gastrointestinal tract; and
the exocrine and endocrine pancreas (I-3). Somatostatin
receptors have been demonstrated in these organ systems,
and several human tumors are also somatostatin receptor-
positive (4). The pharmacological properties of somatosta-
tin have centered on its use for therapeutic purposes. Much
of the work has centered on tumors of the neuroendocrine
system (5,6), but other common types of tumors also con-
tain somatostatin receptors, such as those of the CNS (7),
breast (8,9) and lung (10). The ability to visualize soma-
tostatin receptors in vivo for a large number of different
tumor types using nuclear medicine will have a great effect
on the biological characterization of cancers. Furthermore,
the presence of somatostatin receptors in a tumor is pre-
dictive of a good therapeutic response.

Somatostatin is unsuitable for in vivo use due to its short
biological half-life. Octreotide, an eight amino acid peptide,
is an analog of somatostatin that is highly resistent to
degradation by enzyme attack and is longer acting than the
native somatostatin (/7). Octreotide is also 2000 times
more effective than somatostatin in the suppression of
growth hormone secretion in the rat 1 hr postinjection (11).

Octreotide has been labeled with 2’1 (12) and '''In (13)
and used to image somatostatin receptor-positive tumors in
humans (14,15). lodine-123-Tyr-3-octreotide had a high
hepatobiliary excretion which hinders visualization of tu-
mors in the abdomen, whereas '''In-DTPA-D-Phe'-oct-
reotide clears primarily through the kidneys (16 ). Although
the blood clearance of the '''In-labeled peptide was con-
siderably slower than that of '*I-Tyr*-octreotide, because
"""In-labeled DTPA-D-Phe'-octreotide remains intact in
vivo, the background radioactivity in the body is much
lower than that of the iodinated peptide, making '''In-
DTPA-D-Phe'-octreotide more sensitive for imaging cer-
tain types of tumors (15).

Because it is difficult to quantify images by SPECT,
SPECT imaging with either 'ZI- or '!'In-labeled octreotide
allows only a qualitative or, at most, a rough quantitative
estimate of the number of somatostatin receptors on tu-
mors. By using octreotide labeled with a positron-emitting
radionuclide and PET, quantitative assessment of tracer
accumulation within tissues would be achievable. This of-
fers marked improvements over gamma camera imaging,
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especially for tumor deposits deep within the body or for
small tumor deposits such as metastatic cancer within
lymph nodes. PET imaging with a radiolabeled somatosta-
tin receptor ligand will allow quantitation of the number of
somatostatin receptors and therefore will be useful in pre-
dicting the eventual clinical response of patients who will
then undergo therapy with octreotide.

Octreotide has been conjugated to desferrioxamine
(DFO), labeled with the positron-emitting radionuclide
%Ga (T,, = 68 min) and investigated in vitro and in
tumor-bearing rats (17). The biodistribution of ®*Ga-DFO-
octreotide is similar to that of '''In-DTPA-D-Phe!-
octreotide. Since the background radioactivity in humans
injected with '''In-DTPA-D-Phe'-octreotide was signifi-
cantly lower at 24 hr compared to 4 hr postinjection, re-
sulting in superior images in patients (17), *Ga may not be
an ideal radionuclide for labeling octreotide. Octreotide
has also been labeled with ®F (T,, = 110 min) and bio-
distribution was determined in nontumor-bearing mice
(18). This compound is cleared primarily through the hepa-
tobiliary system and may suffer the same problems as iodi-
nated octreotide for imaging. An alternative metal radio-
nuclide for PET imaging is *Cu. Copper-64 [T, = 12.8 hr;
electron capture (41%); B~ (0.573 MeV, 40%); B* (0.656
MeV, 19%); vy (0.511 MeV, 38%, 1.34 MeV, 0.5%)] is
produced in high specific activity (>960 GBq/mmol (26,000
Ci/mmol)) at the University of Missouri Research Reactor.
It has been demonstrated that **Cu-labeled radiopharma-
ceuticals give satisfactory PET images 24-hr postinjection
(19). PET imaging of tumors using low doses of *Cu-
labeled-octreotide could also be utilized to determine indi-
vidual radiation dosimetry prior to therapy with either
64Cu- or ¢’Cu-labeled octreotide. For these reasons, we are
investigating the development of a **Cu-labeled octreotide
conjugate for PET imaging.

In this study, we synthesized two new octreotide conju-
gates, TETA-D-Phe'-octreotide and CPTA-D-Phe'-oct-
reotide for radiolabeling with ®*Cu (in which TETA is
1,4,8,11-tetraazacyclotetradecane-N,N’,N",N"” tetraacetic
acid and CPTA is 4-[1,4,8,11-tetraazacyclotetradec-1-I-
methyl] benzoic acid) (Fig. 1). In vitro binding affinity of
the %Cu-labeled octreotide conjugates for the somatostatin
receptor was determined in AtT20 mouse pituitary carci-
noma cell membranes. In vivo receptor binding was deter-
mined in normal Sprague-Dawley rats, using the adrenal
gland as a target organ, and in somatostatin receptor-pos-
itive tumors in Lewis rats. Rat adrenal glands are known to
have a high concentration of somatostatin receptors
(20,21). The receptor binding and biodistribution of the
4Cu-labeled octreotide conjugates were compared to that
of ""In-DTPA-D-Phe!-octreotide.

MATERIALS AND METHODS

All chemicals were purchased from Aldrich (Milwaukee, WI)
unless specified otherwise. Octreotide was purchased from DePaul
Radiopharmaceutical (St. Louis, MO). Ultrapure sodium acetate
was obtained from Johnson Matthey (Ward Hill, MA). Copper-
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FIGURE 1. Octrectide and octreotide analogs investigated in this
study.

64-Cl, (specific activity, 960-4800 GBg/mmol (26,000-130,000
Ci/mmol)) was obtained from the University of Missouri Research
Reactor, and "'InCl, (specific activity 1720 GBq/mmol (46,500
Ci/mmol)) was obtained from Mallinckrodt Medical, Inc. (St.
Louis, MO). All solutions were made using distilled deionized
water (Milli-Q®; > 18 M(} resistivity). Reversed-phase high pres-
sure liquid chromatography (RP-HPLC) was performed on a Wa-
ters 600E chromatography system with a Waters 484 UV-absor-
bance detector and a Spectra Physics Chromjet integrator. RP-
HPLC columns were either Vydac 218TP54 (C18, 4.6 X 250 mm),
Vydac 218TP1010 (C18, 10 X 250 mm) or POROS R2/H (C8, 4.6
X 100 mm). The mobile phase was H,O [0.1% trifluoroacetic acid
(TFA)] and acetonitrile (0.1% TFA). Electrospray mass-spec-
trometry (ES-MS) was performed on a Vestec 201 mass spectrom-
eter. Adult, female, Sprague-Dawley rats were purchased from
Sasco (Omaha, NE) and 6-8-wk-old Lewis rats were purchased
from Charles River Laboratories (Boston, MA). The rat pancre-
atic tumor CA20948 was obtained from the Tumor Bank at
Biomeasure, Inc. (Hopkinton, MA).

Synthesis of TETA-D-Phe'-Octreotide and CPTA-D-
Phe'-Octreotide

The chelate TETA was commercially available. CPTA was
synthesized by the one-step procedure of Studer and Kaden (22)
and was characterized by mass spectrometry, 'H-NMR and ele-
mental analysis. In the conjugation of both TETA and CPTA to
octreotide (Fig. 2), the Lys residue on octreotide was protected
with a Boc group by reaction with (Boc),0 in DMSO. The N-
terminal amine of the Boc-protected octreotide was conjugated to
one of the carboxylates on TETA and the carboxylic acid on CPTA
with diisopropylcarbodiimide (DIC) in DMF using hydroxybenzo-
triazole (HOBT) as a catalyst. CPTA-D-Phe'-octreotide was also
synthesized using protected octreotide prepared by a solid-phase
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FIGURE 2. Reaction scheme for the synthesis of the two bifunc-
tional chelate-octrectide analogs used in this study. BFC = the
bifunctional chelates TETA and CPTA.

method as previously described (23). The specific chromatography
conditions were carried out as previously described (23). Briefly,
the reactions were monitored on Vydac 218TP54 and the major
product collected by semi-preparative RP-HPLC on Vydac
218TP1010. The mobile phase was H,O (0.1% TFA) and aceto-
nitrile (0.1% TFA). The products, TETA-D-Phe’-octreotide and
CPTA-D-Phe'-octreotide were characterized by electrospray mass
spectrometry and purity was assessed by RP-HPLC.

Preparation of Copper-64 and Indium-111
Octreotide Conjugates

Copper-64-acetate was labeled to 1-10 ug of either TETA-D-
Phe!-octreotide or CPTA-D-Phe'-octreotide in 0.1 M ammonium
acetate buffer, pH 5.5. One milligram of gentisic acid per milliliter
was added to the radiolabeled conjugates to reduce the effects of
radiolysis. Radiochemical purity was determined by RP-HPLC.
Preparations that were <95% pure were purified by a C-18
SepPak®. The **Cu-labeled octreotide conjugate was loaded onto
a C-18 SepPak Light® and the SepPak® was washed with 5 ml 0.1
M ammonium acetate, pH $.5, to removed unlabeled $4Cu-acetate
from the SepPak® while the 5*Cu-labeled octreotide conjugate
remained. The ®Cu-labeled octreotide conjugate was then eluted
from the SepPak® in ethanol.

Indium-111-DTPA-D-Phe'-octreotide was prepared using a
commercial kit containing 10 ug DTPA-D-Phe'-octreotide lyoph-
ilized in citrate buffer and gentisic acid. One milliliter '''InCl, in
0.02 M HCl was added to the kit and the mixture was incubated at
room temperature for 1 hr. The product was purified using a C-18
SepPak®. DTPA-D-Phe'-octreotide prepared by solid-phase pep-
tide synthesis (23) was also labeled with '''In-citrate in 0.1 M
ammonium citrate, pH 5.5, and gentisic acid. This product was
purified as previously described. Radiochemical purity was assesed
by RP-HPLC on POROS R2/H.

In Vitro Studies
The binding characteristics of *Cu-TETA-D-Phe'-octreotide,
64Cu-CPTA-D-Phe'-octreotide and  '''In-DTPA-D-Phe'-oct-
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reotide have been investigated in AtT20 cells. A preparation of
cell membranes was made from AtT20 cells by brief sonication
followed by centrifugation at 13,000 rpm. The membranes were
resuspended in a HEPES buffer containing 0.1% BSA and 1
mg/ml aprotinin (24).

Experiments were performed to obtain data for Scatchard anal-
ysis. Equal volumes of membranes were added to varying concen-
trations of tracer (*+1000-fold excess of octreotide as a blocker) in
triplicate ranging over a concentration range of two orders of
magnitude. Samples were incubated for 2 hr at 25°C and then
centrifuged to separate the pellet from the buffer. The pellet was
washed twice and both fractions were counted. The data were
plotted as nanomolar tracer specifically bound versus the specific
bound-to-free ratio and the dissociation constants (Kp’s) and
number of receptors (B,,,,) were determined along with their
errors using the computer program LIGAND (25).

Animal Biodistribution Studi

All animal experiments were conducted in compliance with the
Guidelines for the Care and Use of Research Animals established
by Washington University’s Animal Studies Committee.

Biodistribution experiments of injected radiolabeled octreotide
conjugates were performed in normal, female Sprague-Dawley
rats (140-160 g) and male Lewis rats (220-260 g) bearing the
somatostatin receptor-positive rat pancreatic tumor CA20948,
which has been used to evaluate other radiolabeled somatostatin
analogs (26). In both animal models, rats anesthetized with me-
thoxyflurane were injected intravenously with 0.55-1.7 MBq
(15-45 pCi, 8-20 ng) of **Cu-CPTA-D-Phe'-octreotide or **Cu-
TETA-D-Phe'-octreotide or 0.19-0.63 MBq (5-17 uCi, 5-113 ng)
of ""'In-DPTA-D-Phe’-octreotide and killed by halothane over-
dose at time points ranging from 1 to 36 hr postinjection. The
tumor (Lewis rats), blood, lung, liver, spleen, kidney, bladder,
muscle, heart, bone, adrenals, pancreas, stomach and intestines
were removed, weighed and the activity counted on a gamma
counter. The percent injected dose per gram (%ID/g) and percent
injected dose per organ (%ID/organ) for each tissue and organ
were calculated. In certain groups of rats, 250 ug (tumor-bearing
Lewis rats) of octreotide were coinjected with the radiolabeled
octreotide conjugate and the rats were killed 1 hr postinjection.
Student t-tests were performed to determine significance of dif-
ferences between biodistribution experiments.

In separate experiments, 8-10 rats were placed in metabolism
cages. Sprague-Dawley rats were injected with ~3.7 MBq (100
uCi; 100 ng) %*Cu-TETA-D-Phe'-octreotide or **Cu-CPTA-D-
Phe'-octreotide. Urine and feces were collected at times ranging
from 1 to 24 hr, and their activity was counted on a gamma
counter. The percent injected dose for each sample was calculated.

RESULTS

Preparation of Octreotide Conjugates

The synthesis scheme of TETA-D-Phe'-octreotide and
CPTA-D-Phe'-octreotide is shown in Figure 2. TETA-D-
Phe!-octreotide was obtained in >99% purity in 4% overall
yield. ES-MS calculated: 1433 Da, experimental: 1433.75
Da. CPTA-D-Phe'-octreotide was obtained in >99% purity
in 4% overall yield. ES-MS calculated: 1335 Da, experimen-
tal: 1336 Da.

Radiolabeling Studies
Copper-64-TETA-D-Phe'-octreotide and *Cu-CPTA-
D-Phe'-octreotide have been prepared in high specific ac-
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FIGURE 3. Scatchard plots for somatostatin receptor binding of 8*Cu-TETA-D-Phe'-octrectide, 84Cu-CPTA-D-Phe'-octrectide and
"1In-DTPA-D-Phe'-octreotide in AtT20 mouse pituitary carcinoma cell membranes. The K, and B, values for each compound are listed

in Table 1.

tivity and purity suitable for future clinical studies. Specific
activities for the **Cu-labeled conjugates ranged from 56 to
111 GBg/mmol (1500-3000 Ci/mmol). Typically, *Cu-ace-
tate was incorporated into TETA-D-Phe!-octreotide in
>95% yield within 60 min postinjection and no SepPak®
purification was required; however, CPTA-D-Phe!-oct-
reotide incorporated *CuOAc more slowly, and even after
a 12-18-hr incubation, the conjugate was only 85% radio-
labeled. Addition of gentisic acid was necessary to protect
the conjugates against radiolysis. Both ®Cu-labeled oct-
reotide conjugates were susceptible to radiolysis, a phe-
nomenon similar to '"'In-DTPA-D-Phe'-octreotide (13).
The radiolysis products of both *Cu-octreotide conjugates
were numerous; these compounds eluted later than the void
volume, but no attempt was made to identify them. Without
gentisic acid, HPLC profile showed an array of radiolysis
products (approximately 30% of the total integrated area)
other than the radiolabeled octreotide to be present,
whereas, with the addition of gentisic acid, both $Cu-
labeled octreotide analogs were consistently >95% pure.
Also, in the presence of gentisic acid, both ®Cu-labeled
octreotide conjugates remained >95% intact for at least 48
hr.

The specific activities of both commercial octreotide and
n-DTPA-D-Phe'-octreotide labeled with the conjugate
prepared in-house were 26-56 GBg/mmol (700-1500 Ci/
mmol). Incorporation of ''InCl; into DTPA-D-Phe!-oct-
reotide was generally complete after 60 min. The need for
SepPak® purification was dependent on the age of the
MnCl,. Generally, purification of !!'In-DTPA-D-Phe!-oc-
treotide was not necessary unless the !''InCl; had decayed
more than two half-lives, which thereby decreased its spe-
cific activity. HPLC analyses indicated all preparations of
"[n-DTPA-D-Phe'-octreotide had >95% purity.

In Vitro Studies

To characterize the receptor binding properties of the
4Cu-labeled octreotide analogs, Scatchard analysis was
performed. The binding affinities of ®Cu-TETA-D-
Phe'-octreotide, %Cu-CPTA-D-Phe!-octreotide and !!'In-

2318

DTPA-D-Phe'-octreotide were evaluated using mouse an-
terior pituitary adenoma AtT20 cells. AtT20 cells contain a
high concentration of somatostatin receptors (27) and have
been used extensively in the study of somatostatin receptor
binding and in the characterization of the receptor itself
(28). Figure 3 shows the Scatchard plots for **Cu-TETA-
D-Phe'-octreotide, Cu-CPTA-D-Phe!-octreotide and
Mn-DTPA-D-Phe!-octreotide. Table 1 lists the dissocia-
tion constants (K,) and number of receptors (B,,,) for
each analog in AtT20 membranes. The single K, observed
and the similar binding capacity (B,,,,) for each compound
indicate a single binding site on the somatostatin receptor.
At low ligand concentrations (<0.2 nM added), nonspecific
binding for '"'In-DTPA-D-Phe!-octreotide was ~30%,
whereas for *Cu-CPTA-D-Phe'-octreotide and *Cu-
TETA-D-Phe-octreotide, it was 5%-10%. Scatchard anal-
ysis indicates *Cu-CPTA-D-Phe!-octreotide bound to the
somatostatin receptor with affinity over 40 times greater
(Kg = 78.5 pM) than that of '''In-DTPA-D-Phe'-oct-
reotide (Ky = 3.28 nM). Copper-64-TETA-D-Phe!-oct-
reotide had a K; of 314 pM which indicated a binding
affinity of more than 10 times that of ''In-DTPA-D-Phe’-
octreotide.

TABLE 1
Dissociation Constants and Number of Receptors for
Radiolabeled Octreotide Analogs in AtT20 Mouse
Pituitary Cell Membranes

Brmax
(fmole/mg
Octreotide analog Ko protein)

84Cu-TETA-D-Phe’-octreotide 314 pM 153 (18%)
(33%)

84Cu-CPTA-D-Phe'-octreotide 78.5 pM 173 (11%)
31%)

"MIn-DPTA-D-Phe’-octreotide 3.28 M 160 (44%)
(53%)

The percent error calculated from LIGAND is denoted in parentheses.

The Joumal of Nuclear Medicine ¢ Vol. 36 ® No. 12 ¢ December 1995



18
I 84 Cy-CPTA-octreotide, 1h

16 | M 54Cu-TETA-octreotide, 1 h I
- B ™in-DTPA-octreotide, 1 h N
14 - W 84 Cu-CPTA-octreotide, 24 h N
" [ 84Cu-TETA-octreotide, 24 h N
12 ' B "in-DTPA-octreotide, 24 h N
o T N
5 10 N
I \ \
g 8 = | I 4
6 |
‘|
|
2 |
0 L = : - 2 1
Blood Liver Kidney  Adrenal
glands

| FIGURE 4. Biodistribution of ®4Cu-TETA-
' | D-Phe'-octreotide, 8*Cu-CPTA-D-Phe’-oct-
rectide and '''In-DTPA-D-Phe’-octrectide in
normal Sprague-Dawiley rats at 1 and 24 hr
postinjection (n = 4).

Intestines

Animal Biodistribution Studies

Biodistribution of the ®*Cu-labeled octreotide analogs
compared to ''In-DTPA-octreotide is shown in Figure 4.
The uptake of **Cu-CPTA-D-Phe'-octreotide in the adre-
nal glands 1 hr postinjection (15.2% * 2.2% ID/g) was
approximately five times greater than that of either *Cu-
TETA-D-Phe'-octreotide (2.9% *+ 0.7% ID/g) or 'In-
DTPA-D-Phe'-octreotide (2.5% *+ 0.3% ID/g); however,
the liver uptake of **Cu-CPTA-D-Phe'-octreotide (9.7 *
0.9 %1D/g) at this time was nearly 40 times greater than the
other compounds, and it did not clear notably by 24 hr
(6.4% + 0.2 %ID/g). The blood clearance was rapid for all
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three compounds; the half-life of the three compounds in
the blood ranged from 8 to 10 min (Fig. 5). The kidney
clearance in rats from 1 to 24 hr postinjection of all three
radiolabeled analogs is shown in Figure 6. Indium-111-
DTPA-D-Phe'-octreotide had a significantly higher uptake
in the kidneys at times up to 24 hr postinjection than either
of the %Cu-labeled analogs (p < 0.002). Only %Cu-TETA-
D-Phe’-octreotide appears to clear appreciably from the
kidneys (0.66% * 0.21 %ID/g at 24 hr).

Biodistribution experiments were also accomplished in
Lewis rats bearing CA20948 rat pancreatic tumors (Tables
2 and 3). The biodistribution of all three radiolabeled oct-
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FIGURES. Blood clearances in normal Sprague-Dawley rats
out to 60 min postinjection of *Cu-TETA-D-Phe’-octreotide,
84Cu-CPTA-D-Phe'-octreotide and ''"In-DTPA-D-Phe'-octrectide
(n=4).
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FIGURE 6. Kidney clearances in nommal Sprague-Dawley
rats out to 36 hr postinjection of 84Cu-TETA-D-Phe'-octreotide,
84Cu-CPTA-D-Phe'-octreotide and '''In-DTPA-D-Phe’-octrectide
(n=4).
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TABLE 2
Biodistribution (%ID/g *+ s.d.) at 1 and 24 Hours Postinjection of Copper-64-TETA-Octreotide, Copper-64-CPTA-Octreotide and
Indium-111-DTPA-Octreotide in Lewis Rats Bearing CA20948 Rat Pancreatic Tumors

84Cu-TETA-Oct 84Cu-CPTA-Oct "in-DTPA-Oct 84Cu-TETA-Oct $4Cu-CPTA-Oct "in-DTPA-Oct
Tissue 1hr(n=4) 1hr(n=4) 1hr(n=4) 24w (n=4 24hr(n =3 24hr(n =93
Blood 0.13 = 0.025 0.17 = 0.030 0.13 = 0.009 0.058 + 0.02 0.09 = 0.008 0.003 + 0.001
Liver 0.23 = 0.010 6.60 + 0.20 0.13 = 0.01 021 £ 0.02 3.86 = 0.41 0.039 = 0.001
Spleen 0.065 + 0.02 2.05 +0.38 0.063 + 0.01 0.07 = 0.02 0.60 = 0.078 0.03 = 0.002
Kidney 218 £ 0.25 1.99 £ 0.24 3.18+0.24 0.65 = 011 1.65 = 0.31 3.04 = 0.12
Muscle 0.04 = 0.007 0.04 = 0.004 0.04 = 0.003 0.01 = 0.001 0.02 = 0.004 0.004 + 0.001
Adrenals 2.86 £ 0.29 169+ 144 111 £022 1.00 £ 0.16 6.52 = 0.85 0.69 = 0.18
Pancreas 0.86 = 0.14 0.59 *+ 0.043 0.42 = 0.09 0.25 = 0.04 0.24 = 0.03 0.20 = 0.02
Intestines 0.13 £ 0.02 0.18 = 0.01 0.15 = 0.05 0.18 = 0.012 0.30 = 0.04 0.067 + 0.02
Tumor 091 +£0.23 0.69 + 0.07 0.57 = 0.10 0.24 = 0.04 0.19 = 0.04 0.32 £ 0.005
Tumor/Blood 710+ 1.29 420 £ 0.53 4.48 + 0.66 441129 2.18 = 0.51 87.0 = 20.1
Tumor/Muscle 25.0 = 2.01 16.6 = 1.28 15.5 = 2.82 27.7 £ 255 8.03 = 1.05 68.6 = 22.3
Tumor/Liver 7.06 = 0.80 0.10 = 0.01 434 + 0.50 116 £0.19 0.05 = 0.01 6.59 + 0.58

reotide analogs was similar to that in normal Sprague-
Dawley rats. The tumor uptake of both **Cu-TETA-D-
Phe'-octreotide and %Cu-CPTA-D-Phe!-octreotide at 1 hr
postinjection was significantly greater than that of !!!In-
DTPA-D-Phe'-octreotide (p < 0.04); however, the tumor
uptake of ''In-DTPA-D-Phe’-octreotide was significantly
higher than that of both #Cu-labeled octreotide conjugates
at 24 hr postinjection (p < 0.02). At 1 hr postinjection, all
tumor-to-nontarget organ ratios are greater for %Cu-
TETA-D-Phe'-octreotide than both $Cu-CPTA-D-Phe!-
octreotide or !'In-DTPA-D-Phe’-octreotide; however, by
24 hr they are significantly higher for ''In-DTPA-D-Phe!-
octreotide. For all three radiolabeled octreotide analogs,
the uptake in the tumor was significantly less at 1 hr postin-
jection in the rats that received the co-injected blocking
dose (p < 0.002).

For nearly all time points, the tumor uptake of *Cu-
CPTA-D-Phe'-octreotide was not significantly different
than that of $*Cu-TETA-D-Phe’-octreotide and similar to
or less than '''In-DTPA-D-Phe'-octreotide; however,
84Cu-CPTA-D-Phe'-octreotide had an uptake in the adre-
nals more than 5 times that of ®Cu-TETA-D-Phe!-oct-
reotide and more than 15 times that of ''In-DTPA-D-
Phe'-octreotide. This was similar to the biodistributions of
the radiolabeled octreotide analogs in normal Sprague-
Dawley rats. In tumor-bearing rats at 1 hr postinjection, the
pancreatic uptake of %Cu-CPTA-D-Phe'-octreotide is less

than that of %Cu-TETA-D-Phe!-octreotide (p < 0.03) but
greater than that of !!In-DTPA-D-Phe’-octreotide (p <
0.05). By 24 hr postinjection, however, the pancreatic
uptake is not significantly different between all three
octreotide analogs. At 1 hr postinjection, the differences in
pancreatic uptake between the radiolabeled octreotide an-
alogs were much less than the differences in adrenal up-
take.

The excretion data of ®*Cu-TETA-D-Phe'-octreotide
and %Cu-CPTA-D-Phe'-octreotide in rats is shown in
Table 4. More than 50% of %Cu-TETA-D-Phe!-octreotide
was excreted into the urine by 1 hr postinjection, whereas
~6% of the injected %*Cu-CPTA-D-Phel-octreotide was
excreted by 1 hr. By 24 hr postinjection ~80% of radioac-
tivity from %Cu-TETA-D-Phe’-octreotide was found in the
urine and feces while ~40% of $“Cu-CPTA-D-Phe’-oct-
reotide activity was excreted. The total fecal activity for
both *Cu-labeled octreotide conjugates was <10% ID/g by
24 hr postinjection.

DISCUSSION

One of the goals in this project is to develop a PET agent
for imaging somatostatin receptor-positive tumors in hu-
mans. Copper-64, a positron-emitting radionuclide with a
half-life of 12.8 hr, has been used to label monoclonal
antibodies (MAb 1A3) for imaging of colorectal cancer and

TABLE 3
Uptake of Copper-64-TETA-Octreotide, Copper-64-CPTA-Octreotide and Indium-111-DTPA-Octrectide in Somatostatin
Receptor-Positive Tumors and Organs 1 Hour Postinjection

84Cu-TETA-Oct 84Cu-TETA-Oct 84Cu-CPTA-Oct 84Cu-CPTA-Oct "In-DTPA-Oct "in-DTPA-Oct
Tissue 1hr 1 hr block 1hbr 1 hr block 1 hr block 1 hr block
Adrenals 2.86 = 0.29 0.16 £ 0.12 169 1.4 0.45 = 0.06 111 x022 0.13 = 06
Pancreas 0.86 = 0.14 0.15 = 0.012 0.59 + 0.04 0.16 = 0.02 0.42 + 0.09 0.11 £ 0.02
Tumor 091 £ 0.23 0.25 = 0.03 0.69 * 0.07 0.24 = 0.009 0.57 = 0.10 0.18 = 0.03

One group of rats per compound received 250 ug octreotide as a block. Data are presented as %ID/g + s.d.
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TABLE 4
Excretion of Copper-64-TETA-D-Phe'-Octreotide and Copper-
64-CPTA-D-Phe'-Octreotide in Sprague-Dawley Rats

84Cu-TETA-D-Phe’- 84Cu-CPTA-D-Phe’-
octreotide (n = 8) octreotide (n = 10)
1hr 24 hr 1hr 24h
Urne 555+13 727+154 62+38 35848
Feces <0.2 7.77 £ 293 <0.2 5.76 + 1.35

All data are given as % injected dose *+ s.d.

has proven to be more sensitive than !!'In-labeled 1A3 for
detecting small lesions and metastases (19,29). Quantita-
tive biodistribution of patients with colorectal cancer has
also been accomplished with PET imaging following injec-
tion of %Cu-labeled MAD 1A3 (30).

Synthesis of Octreotide Conjugates

The conjugates TETA-D-Phe'-octreotide and CPTA-D-
Phe'-octreotide were prepared by solution phase synthesis
starting with commercially available octreotide. The
e-amino group of Lys on octreotide was blocked with the
Boc group to allow selective conjugation of the bifunctional
chelate onto the N-terminal amine. N-e-Boc-Lys’-
octreotide was prepared in 60%-70% yield and was then
purified by RP-HPLC prior to conjugation; the other major
product (30%-40%) was N-g-Boc-Lys*-N-a-Boc-D-Phe'-
octreotide. The bifunctional chelate octreotide conjugates
were also purified by RP-HPLC prior to deprotection with
TFA. Partially because of the two HPLC purification steps,
the syntheses of TETA-D-Phe!-octreotide and CPTA-D-
Phe-octreotide were time-consuming and the overall yields
were low (<5%). A method has been recently developed to
synthesize bifunctional chelate octreotide conjugates by sol-
id-phase techniques (23). The solid-phase method would
be more convenient than the solution phase procedures
since there is no need for HPLC purification of intermedi-
ate products.

In Vitro Studies

The present study shows that all three radiolabeled oct-
reotide analogs bind to a single class of high affinity soma-
tostatin receptor sites in AtT20 tumor cell membranes, and
that both **Cu-TETA-D-Phe'-octreotide (K4 = 314 pM)
and %Cu-CPTA-D-Phe!-octreotide (K4 = 78 pM) bind to
the somatostatin receptor with higher affinity than !!!In-
DTPA-D-Phe!-octreotide (K4 = 3.28 nM). The somatosta-
tin receptor binding of both ®Cu-labeled octreotide ana-
logs was in the picomolar range, but the receptor binding of
4Cu-CPTA-D-Phe'-octreotide was almost five times
greater than that of %*Cu-TETA-D-Phe'-octreotide. The
greater lipophilicity, and smaller size of CPTA versus
TETA may be partially responsible for the greater binding
affinity of %Cu-CPTA-D-Phe'-octreotide to AtT20 mem-
branes. The binding capacity determined from the Scat-
chard analysis (B,,,, values) were similar for all radiola-
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beled octreotide analogs investigated, but the B,
determined in this study is about an order of magnitude less
than reported by Srikant and Heisler, who found a B, of
1.28 = 0.1 pmol/mg protein for AtT20 membranes in the
determination of the binding affinity of ['*I-Tyr'']SS-14
(31). The differences in the number of receptors deter-
mined in the two studies could be partially explained by the
difference in AtT20 membrane preparations. The binding
capacity of intact AtT20 cells is nearly an order of magni-
tude lower than that of membranes (0.14 pmole/mg pro-
tein) because of the lower number of receptors in the
intracellular proteins (32). The procedure for preparing
membranes in this study may have not sufficiently removed
intracellular proteins which contain fewer somatostatin re-
ceptors.

Animal Biodistribution Studies
Another radiolabeled octreotide analog for PET imaging of
somatostatin receptors, ®Ga[DFO]-octreotide, has been
developed by Smith-Jones and colleagues (17). Biodistri-
bution of ®Ga[DFO]-octreotide at 1 hr postinjection was
similar to that of !''In-DTPA-D-Phe’-octreotide in that
there was low hepatobiliary clearance, and the major clear-
ance organ was the kidney. A '8F-labeled octreotide, ((2-
[*®F]Fluoropropionyl-(D)Phe')-octreotide) ~analog has
been evaluated in normal mice (18). The clearance of this
18F-octreotide analog was primarily through the hepatobili-
ary system, while the uptake in the adrenals and pancreas
decreased steadily up to 1 hr postinjection. The 68-min
half-life of ®®Ga limits the potential PET imaging time to
within the first 2-3 hr postinjection and at these early
imaging times it is questionable whether the target-to-non-
target ratios will be great enough for sufficient contrast in
PET imaging. Although '®F-octreotide would allow imaging
up to 4-6 hr postinjection, there are similar questions
concerning clearance of radioactivity from nontarget or-
gans. In our studies with %4Cu-labeled octreotide analogs,
we have prepared two *Cu-labeled octreotide analogs that
both show higher binding affinity than '''In-DTPA-D-
Phe'-octreotide and specific uptake in both normal target
organs containing somatostatin receptors and tumors. Also,
the longer half-life of %Cu permits imaging up to 24-36 hr
postinjection, which affords potential for better contrast
which is important in imaging small metastases.
Tumor-bearing animal models have been used to evalu-
ate somatostatin receptor-based imaging agents. Iodine-
123-Tyr-3-octreotide, !!!In-DTPA-D-Phe!-octreotide and
M1n-DTPA-D-Phe!-RC-160 (another cyclic peptide soma-
tostatin receptor ligand) were tested in rats bearing soma-
tostatin positive rat pancreatic carcinoma CA20948
(16,33,34). In the ®Ga-octreotide study (I7), receptor-
positive tumors in a male Lewis rat were also used, but only
the tumor was removed in the biodistribution, not the
receptor-rich normal tissues, adrenals and pancreas. In the
F.octreotide study (18), normal mice were utilized in
biodistribution experiments and the receptor-rich tissues,
adrenals and pancreas were removed. In neither of these
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TABLE 5
Comparison of Uptake of Various Radiolabeled Octrectide
Analogs in Rodent Models 1 Hour Postinjection

Octreotide
analog Adrenals Pancreas Tumor  Reference
8 0.046 0.056 - 18
%8Ga-DFO - —_— 0.095 17

"n-DTPA  0.266(0.094) 0.101(0.026) 0.137 (0.043) this work
&4Cy-TETA  0.684 (0.038) 0.206(0.036) 0.218(0.060) this work
®4Cu-CPTA  4.06(0.11) 0.142(0.038) 0.166 (0.058) this work

Data are presented as %ID - kg/g body weight. Values in parentheses
are nonspecific binding.

cases was the binding demonstrated to be receptor-medi-
ated by administering a blocking dose of a somatostatin
analog. In this study, %Cu-TETA-D-Phe'-octreotide, Cu-
CPTA-D-Phe!-octreotide and '''In-DTPA-D-Phe’-oct-
reotide were evaluated in normal Sprague-Dawley rats and
Lewis rats bearing CA20948 tumors. The tumor, pancreatic
and adrenal uptake of all three radiolabeled octreotide
analogs are reported in Table 3, and for all analogs the
uptake was blocked by coinjection of 250 ug octreotide 1 hr
postinjection, indicating receptor-mediated uptake in these
tissues. It is possible to compare these data by converting
the percent ID per gram to percent ID per kilogram per
gram (%ID-kg/g) body weight presented in Table 5. This
shows that the uptake of the '8F-octreotide analog in the
adrenal and pancreas is only in the range of the nonspecific
binding determined in our studies. The tumor uptake ob-
tained with the ®Ga-octreotide analog is lower than that
obtained both by the %Cu-octreotide analogs and !!'In-
DTPA-D-Phe'-octreotide. The greater bulk and different
charge of the DFO bifunctional chelate compared to DTPA
is likely to be responsible for this difference. At the 1 hr
time point, both %Cu-labeled octreotide analogs appear to
have superior target tissue uptake than either the ®*Ga or
18F analogs.

The high uptake of **Cu-CPTA-D-Phe’-octreotide in the
adrenals is interesting in that it does not correspond with
high tumor or pancreatic uptake. Aguilera et al. (35) stud-
ied the uptake of 'I-Tyr-somatostatin in male Sprague-
Dawley rats. They showed immediate high uptake of iodi-
nated somatostatin in the adrenal capsule with washout
occurring after ten minutes. Octreotide was developed due
to the rapid metabolism of somatostatin so this washout for
labeled somatostatin is not surprising. Although the results
of Aguilera et al. are expressed in disintergrations per
million per milligram wet tissue, they can be converted into
percent injected dose per gram, and a value of 38% ID/g in
the adrenal capsule was observed 2-10 min postinjection.
Lower values are obtained in the decapsulated adrenal.
These investigators do not report pancreatic uptake. The
very high uptake that we observed in the adrenals parallels
that observed by these workers. In their study, Aguilera et
al. showed a specific-to-nonspecific binding ratio of 42.5 in
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the adrenal capsule. Our ratio for ®*Cu-CPTA-D-Phe'-
octreotide in the whole adrenal was 37.5 at 1 hr. Copper-
64-CPTA-D-Phe'-octreotide is therefore not the only so-
matostatin analog to show this tremendously high adrenal
uptake.

In this work, we report the uptake of *Cu-TETA-D-
Phe'-octreotide, *Cu-CPTA-D-Phe'-octreotide and '''In-
DTPA-D-Phe'-octreotide in implanted tumors and in nor-
mal somatostatin receptor-containing tissue. Although
tumor models have generally been utilized to determine the
receptor binding of octreotide (16,18,33,34), animal models
for the evaluation of other tumor receptors have usually
involved uptake in receptor-rich normal tissue. The imma-
ture rat uterus has been the target tissue for the evaluation
of the estrogen receptor (36), the estrogen primed imma-
ture rat uterus, which is the model for the progestin recep-
tor (37), and the male rat prostate for the androgen recep-
tor (38). The relative merits of tumors and normal tissue
for the evaluation of estrogen receptors have been dis-
cussed (39). For both the estrogen receptor ligands (40,41 )
as well as ®™Tc-labeled neogalactosyl albumin (42), in vivo
situations have been observed where the receptor uptake is
flow-limited. In these situations, receptor ligands of very
different binding affinity have exactly the same uptake due
to the fact that at high organ blood flow, virtually all of the
receptor binding ligands are extracted in a single pass. Both
the adrenals (43) and pancreas (44) are regarded as “high
flow” organs with blood flow greater than 400 ml per 100 g
of tissue per minute. High amounts of receptor ligand
should therefore be delivered to both organs. The pancreas,
however, has highly vascularized and nonvascularized areas
where the adrenals are highly vascularized organs. Differ-
ences in blood flow to the different areas of these organs
may account for the variations in ligand uptake.

Katzenellenbogen et al. (40,41) have discussed in detail
the advantages and disadvantages of utilizing high and
intermediate receptor rich tissues in animal models. In this
study, a comparison of uptake of %Cu-TETA-D-Phe'-oct-
reotide and '"'In-DTPA-D-Phe’-octreotide in the pan-
creas, adrenals and tumors shows that the uptake of %4Cu-
TETA-D-Phe’-octreotide is approximately twice that of
111n.DTPA-D-Phe’-octreotide in all three organs at 1 hr
postinjection. Copper-64-CPTA-D-Phe!-octreotide has in-
termediate uptake in the pancreas and tumor but tremen-
dously high uptake in the adrenals compared to the other
octreotide analogs. In rats, the adrenals have similar con-
centrations of somatostatin receptors to the pancreas (45).
The literature is, however, confusing on the differences in
subtypes of somatostatin receptors in these organs (21,46).
Five different somatostatin receptor subtypes have been
cloned (47-53) and two ligands (SS-14 and SS-28) have
been used to differentiate subtypes (21). Srikant and Patel
(21) have shown different numbers of sites for the binding
of SS-14 (B, = 0.35 pmole/mg protein) and SS-28
(Bmax = 0.205 pmole/mg protein) of the two ligands in the
rat adrenal cortex. Thermos et al. (54) have shown that in
the pancreas, beta-cells predominantly express an SS-28

The Joumal of Nuclear Medicine ¢ Vol. 36 ® No. 12 * December 1995



preferring receptor whereas alpha-cells of the islet have a
higher density of SS-14 binding sites. Srikant and Patel (55)
have studied isolated rat pancreatic acinar cells and have
shown a high affinity binding site for the SS-14 ligand in
these cells. Srikant et al. (2/) have investigated binding
sites in the pituitary tumor line AtT20. Their data suggests
that the receptor exhibits molecular heterogeneity in these
tumor cells. The literature data therefore make it difficult
to assess whether or not the very high uptake of ®Cu-
CTPA-D-Phe'-octreotide in the adrenals is due to differ-
ential binding to one of the receptor subtypes. It is, how-
ever, interesting that the different target tissues have very
different specificity for these somatostatin binding receptor
ligands and it is not possible to predict which number can
be extrapolated to uptake in a human somatostatin rich
tumor.

A possible advantage of ''In-DTPA-D-Phe!-octreotide
over the ®Cu-labeled octreotide analogs was the higher
absolute tumor uptake and higher tumor-to-nontarget or-
gan ratios at 24 hr postinjection. Indium-111-DTPA-D-
Phe'-octreotide did not clear from the tumor as rapidly,
and the blood, muscle and liver !''In-DTPA-D-Phe!-
octreotide activity decreased to a much greater extent over
that of the ®*Cu-labeled octreotide analogs. The most fa-
vorable tumor-to-nontarget organ ratios for **Cu-TETA-D-
Phe'-octreotide are at 6 hr postinjection (data not shown),
suggesting that the optimal time for clinical imaging of
$4Cu-TETA-D-Phe'-octreotide may be between 6 and 24 hr
postinjection.

The differences in nontarget organ uptake between
84Cu-TETA-D-Phe'-octreotide and **Cu-CPTA-D-Phe’-
octreotide were most likely due to the different lipophi-
licities of the bifunctional chelates. Copper-64-CPTA-D-
Phe'-octreotide cleared primarily through the hepato-
biliary system, possibly because of the higher lipophilicity
of CPTA. At the later time points, the intestinal uptake
of %*Cu-CPTA-D-Phe'-octreotide was also significantly
higher than that of ®*Cu-TETA-D-Phe'-octreotide or
M n.DTPA-D-Phe!-octreotide (p < 0.005). The fecal
excretion of ®Cu-CPTA-D-Phe!-octreotide and *Cu-
TETA-D-Phe'-octreotide were not significantly differ-
ent, which is surprising given the extent of hepatobiliary
clearance of **Cu-CPTA-D-Phe'-octreotide. The intesti-
nal uptake of **Cu-CPTA-D-Phe'-octreotide increased
approximately 40%, from 1 to 24 hr postinjection, while
the liver uptake decreased about 40%, indicating that
this compound was cleared slowly through the hepato-
biliary system. It is likely that ®4Cu-CPTA-D-Phe'-oct-
reotide had not significantly cleared by 24 hr postinjec-
tion and the activity accumulated in the intestines. The
biodistribution of **Cu-TETA-D-Phe'-octreotide bore a
greater similarity to '''In-DTPA-D-Phe’-octreotide, in
that the clearance was primarily through the kidneys and
more than 50% was excreted into the urine by 1 hr
postinjection. There were, however, significant differ-
ences between %“Cu-TETA-D-Phe'-octreotide and !!!In-
DTPA-D-Phe'-octreotide clearance in the kidney. As in
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the tumor, the concentration of '!'In-DTPA-D-Phe'-oc-
treotide in the kidneys remained similar from 1 to 24 hr,
whereas **Cu-TETA-D-Phe'-octreotide cleared over the
same time period. The differences in tumor and kidney
clearance between ®*Cu-TETA-D-Phe'-octreotide and
"n-DTPA-D-Phe'-octreotide are not totally under-
stood, but they might be related to stability of the metal-
chelate complex. Possibly the '!'In is released from the
DTPA chelate in the tumor or kidney cells and trapped
by intracellular proteins. Studies on the metabolism of
metal-bifunctional chelate-octreotide conjugates would
be useful in determining the metabolic product in both
target and nontarget organs to design better radiolabeled
octreotide conjugates.

Copper-64 also has potential as a therapeutic radionu-
clide. Apelgot et al. (56) reported that ®*Cu and 6’Cu have
similar lethal efficiency in damaging DNA in tumor cells.
Our group at Washington University has confirmed their
results in LS174T colon cancer cells (57), and in tumor-
bearing hamsters, *Cu-labeled MAb 1A3 was shown to
inhibit growth of GW39 human colon cancer tumors for
longer than 5 mo (56). Studies are in progress to evaluate
84Cu-labeled octreotide analogs as potential radiotherapeu-
tic agents. A radionuclide with PET and therapeutic capa-
bilities such as %*Cu could be very advantageous, because
accurate individualized dosimetry could be obtained on
each patient using PET imaging prior to radiotherapy.

CONCLUSION

This article describes the development of two new %*Cu-
labeled octreotide analogs for PET imaging and potential
radiotherapy of somatostatin receptor-positive tumors.
These new agents have been directly compared to !!'In-
DTPA-D-Phe'-octreotide both in vitro and in vivo. Both
84Cu-labeled octreotide analogs have higher affinity for the
somatostatin receptor in AtT20 mouse pituitary carcinoma
cell membranes and have specific uptake in target tissues as
great or greater than ''In-DTPA-D-Phe'-octreotide. Al-
though both **Cu-labeled octreotide analogs contain a mac-
rocyclic bifunctional chelate that is a derivative of cyclam,
their biological clearances are entirely different. Copper-
64-TETA-D-Phe’-octreotide has a more favorable renal
clearance similar to '''In-DTPA-D-Phe'-octreotide and
will be invesigated clinically as a PET imaging agent for
somatostatin receptor-positive tumors.
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