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CHAPTER 1

INTRODUCTION AND BRIEF HISTORY OF RADIONUCLIDE
THERAPY
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INTRODUCTION

The use of radionuclides for therapeutic applications first began nearly 50 years ago
with the use of iodine-131 (1-131), phosphorus-32 (P-32) and strontium-89 (Sr-89).
These early indications were primarily for metastatic bone pain and thyroid
malignancies. 1-131 was and still is used for the treatment of thyrotoxicosis and
differentiated thyroid (papillary and follicular) carcinoma (Chatal et al., 1999, Park
1997). Palliation of bone pain from skeletal metastases by treatment with Sr-89 was
first attempted by Pecher in 1942 (Hoefnagel 1991). Since then, there has been a
resurgence in the management of bone pain using isotopes including P-32, Sm-153,
and Re-186 usually compiexed with a variety of bisphosphonate ligands that seek
and bind with high affinity to the hydroxyapatite surface of bone (Volkert et al., 1991,
Hoefnagel 1991, Chatal et al., 1999, Syed et al., 1899). P-32 orthophosphate has
been used as early as 1936 for the treatment of myleoproliferative disorders including
polycythemia vera and thrombocythemia {Chatal et al., 1998). However, the use of
targeted radiotherapy has only recently become increasingly popular in the areas of
oncology, endocrinology and rheumatology. This heightened interest can be
attributed in part to an increasing number of radionuclides for therapy and the advent
of specific tumor seeking agents that direct the radiclabel to the tissue of choice

(Hoefnagel 1998, Chatal et al.; 1999; Park 1997; Murtha 2000),

Therapeutic nuclear medicine is rapidly expanding as an adjunct modality in
onceology to conventional chemotherapy and external beam therapy. This type of
therapy offers a systematic but very selective delivery of radiation to target tissues
with a relatively low frequency of immediate and latent side effects. An additional

advantage to this approach is that tumor uptake and retention can be assessed by a
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tracer study prior to the administration of the therapeutic dose. As a result of new
developments in carrier molecules that provide greater selective tumor targeting
properties, the specific metabolic characteristics and biological properties of tumors
are now the focus for targeted radionuclide therapy, as opposed to only diagnostic
imaging and staging procedures (Hoefnagel 1991). Effective radiation therapy
depends on the total absorbed radiation dose and the sensitivity of the lesion that is
being targeted. Successful radiation therapy depends upon high and selective uptake
of the isotope at the target site, and a long retention time fo allow for effective cell kill.
A relatively simplistic calculation using the formula Dgy{Gy) = 19.9 X C X E X T{er) is
used fo estimate absorbed radiation dose from a B~ emitting radionuclide with uniform
distribution throughout the tumor mass (Hoefnagel 1991). In this formula C is the
concentration in MBq per gram of tissue, E is the effective B~ energy in Mev and T(es)
is the effective half-life in days. Three key factors should be considered when
deciding on a particular radionuclide for a therapeutic application: (1) the chemical
and physical properties of the radionuclide, (2) the production methods of the
radionuclide and (3) the biological behavoir of the radionuclide, especially if the
complex is unstable and in vivo disassociation occurs (Zweit 1996). The half-life,
mode of decay and the type and intensity of the energy emitted are associated with
the physical properties. The chemical form refers to the nature of the agent, which
can be as simple as the ionic form (I" or Sr?), to as complex as radiolabeled
moncclonal antibodies (MoAbs). As such, the more ideal agents would exhibit in vivo
inertness with respect to disassociation, transchelation and redox chemistry. Overall
radionuclidic purity and high specific activity are essential qualities that relate to the
production of the radionuclide. Radionuclides that have been evaluated as potential

radiotherapy indications include the following three modes of decay: (1) alpha
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emitting radionuclides, (2) beta emitting radionuclides and (3) Auger electron and
Coster-Kronig electron emitting radionuclides foliowing electron capture (Volkert et
al., 1991). Since each type of particle that is emitted will have a different range,
effective distance and relaiive biologic effectiveness (RBE), careful selection of the
radionuclide to fit a particular therapeutic regimen needs to be strongly considered to
adequately match the biological properties of the target to the physical properties of
the radionuclide to maximize the therapeutic index. Though the focus of this thesis
will be on the use of low to medium B~ emitting radionuclides for therapy of
somatostatin receptor expressing tumors, a brief description of the three general

categories of decay is provided.

Alpha particle emitters: Alpha particles are high-energy helium nuclei producing high
density ionizing radiation. They are monoenergetic particles that deposit their energy
over a relatively short range (McDevitt et al. 1998). For a 5-8 MeV alpha emitter a
range of only 40-80um would be expected. Despite this short range associated with
alpha particles, they are attractive candidates for certain limited therapeutic
applications. The high linear energy transfer (LET) of alpha particle radiation is
especially effective in limiting the cell’'s ability to repair itself at the level of DNA,
particularly under hypoxic conditions. The high RBE requires that only a few particles
are needed to promote cell death in comparison to the higher number of beta
particles. The distinct disadvantage of this type of therapy is that the agent must be
tightly bound to the carrier and be in very close proximity to the tumor cell, and not to
normal non-target cells to avoid undesirable toxicities. The two most studied alpha
emitters to date are bismuth-213 (Bi-213) and astatine-211 (At-211). Bi-213 is
available from a generator with radon-224 as the parent, while At-211 is produced in

an accelerator facility. Three other alpha emitters with clinical therapeutic potentia!
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include bismuth-212 (Bi-212), fermium-255 (Fe-255) and actinium-225 (Ac-225). Both
Bi-213 and At-211 have been largely complexed to monoclonal antibodies for
radicimmunotherapy, but recently Bi-213 has been evaluated with smaller peptides
when incorporated into DOTA like ligand systems. Both of these radionuclides suffer
from short half-lives of 45 minutes and 7.2 hours respectively. The more favorable
properties of Ac-225 with a ti2 of 10 days and a release of 4 alpha emissions in the
decay chain resulting in 28MeV total energy release, make this radionuclide very
attractive for therapy (Sgouros 2000; Kennel et al, 2000). Because of the
tremendous release of energy, very stable chelates for Ac-225 are required, but the
advent of the macrocylic systems including HEHA has shown in vivo stability when
chelated to Ac-225 (Deal et al.,, 1999). Table 1 describes briefly the primary alpha

emitting candidate radionuclides and their salient properties.

Table 1: Candidate Alpha {a)-emitting Radionuclides for Radiotherapy

Radionuclide Half-Life Mean Energy %Emitted/decay (Particle)
Bi-213 45.6 min 8.0 MeV 2% (o), 98% (B)

Bi-212 60.5 min 7.8 MeV 36% {a); 64% (B)
At-211 7.21 br 6.76 MeV 42% (a); 19% (y)
Fm-255 20.1 hr 7.02 MeV 93% (o)

Ac-225 10d 6.0 MeV (X4) 100% (o)

Beta Particle Emitters: Beta particles are negatively charged electrons emitted from
the nucleus with a wide energy spectrum range (Zweit 1996). Generally, the range of
energies for B° particles is much greater compared to a-particles, and the low or

sparse ionization density is the reason for their low LET (Volkert et al., 1991). The
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energies are usually listed as the average energy in MeV (Bay) which is
approximately one-third the value of the maximum energy (Bmax). Beta emitters are
classified as low energy, medium energy and high energy emitting radionuclides with
corresponding Eqav values of 0.08-0.18MeV, 0.23-0.36 MeV and 0.5-1.0MeV
respectively (Zweit 1996). These types of radionuclides are primarily produced in
nuclear reactors using an N,y reaction to produce neutron-rich isotopes, although a
few are produced in charged particle accelerators (Volkert et al., 1991). Because of
the ready supply of a variety of beta emitters a relatively large number of potential
candidates have been evaluated clinically. The larger range in energy for beta
emitters allows for greater flexibility in comparison to alpha emitters with regard to the
choice of the preparation of a potential therapeutic agent. For example, radionuclides
that can be produced in low specific activity such as Sm-153, Re-186, Ho-166 and
Sr-89 are all effective agents for palliation of bone pain. The first three radioisotopes
are complexed to ligands (EDTMP, HEDP and DOTMP) at high ligand to metal
ratios. The high selectivity of these ligands for the skeletal system and their rapid
urinary clearance from non-osseous tissues has shown clinical efficacy, and the
samarium agent was approved as a commercial product in 1997 (Maxon et al.,
1988, Goeckler et al., 1998, Turner et al., 1989). High specific activity beta emitters
include rhodium-105, lutetium-177, gold-199 and promethium-149, and are good
potential candidates as receptor targeted radionuclides complexed to smaller
molecules like peptides (Zewit 1996). Non-carrier added (NCA) radioisotopes
produced from a generator system include yttrium-80 and rhenium-188. Both are
high-energy beta emitters (Emax 2.27MeV and 2.10MeV respectively), with Y-90
forming stable complexes with DOTA like ligands and Re-188 stably chelating to N3S
ligand systems. Additionally, both radionuclides have been complexed to monoclonal

antibodies (MoAbs) for indications in radioimmunotherapy (Hoefnagel 1991). The
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longer path length of the beta ray from isotopes like Y-90 and Re-188 is

approximately 10-12 mm and is considered ideal for larger tumors with a non-uniform

distribution of radioactivity (“cold spots”) by some investigators. This is in comparison

fo lower energy radicisotopes, which are considered to be more efficacious for

treating smaller fumor masses (Humm et. al., 1986, Zweit 1998). Table 2 describes

briefly the primary beta emitting candidate isotopes and their physical properties,

Table 2: Candidate Beta (f}-emitting Radionuclides for Radiotherapy

Radionuclide
1-131
P-32
Sr-89
Re-186
Sm-153
Lu-177
Ho-166
Rh-105
Pm-149
Au-199
Re-188
¥-90

Half-Life

8.1 (d)
14.3 (d)
52.1 (d)
3.8 (d)
46.8 (h)
6.6 (d)
1.13 (d)
1.4 (d)
2.2 (d)
3.2 (d)
17 (h)
64 (n)

.E..(max}.( MeV)

0.61

1.73

1.49
1.07;0.83
0.82;0.71; 0.64
0.497
1.84

0.57

1.07

0.46

2.1

2.27

E(v)(keV)

364

137
103
208
80

319
286
158

155

Range(mm)
2.4

8.7
57
3.6
2.7
2.5
8.7
2.85
5.35
2.3
10.5

11.5

Auger electron/Coster-Kronig electron emitters: Radionuclides that decay by electron

capture or isomeric transition emit low energy Auger and Coster-Kronig electrons

which have a very short range { <1um). Therefore, in order to be effective, their

therapeutic application is limited to situations in which the carrier localizes in or very
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near the cell nucleus (Zweit 1998, Volkert et al.,1991). This resulting concentrated
shower of low energy Auger and Coster-Kronig electrons with energies ranging from
only a few to several hundred eleciron volts occurs in an extremely small volume of
nuclear DNA producing a high "LET like environment” and which is independent of
oxygen concentration (Volkert et al., 1991). A successful therapeutic agent based on
this mechanism necessitates that the carrier be incorporated into the tumor cell
target, and then be selectively guided further in the direction of the cell nucleus
(Homick et al., 2000). Agents of this general category include radiolabeled DNA
intercalators that have shown to be highly effective cell killing agents and
internalizing antibodies (Kassis et al., 1989; Behr et al., 2000). Auger and Coster-
Kronig electron emitting radionuclides include europium-165, platinum-193m, iodine-
125, indium-111 and rhodium-103. Table 3 briefly describes the main candidate

Auger and Coster-Kronig electron emitting radionuclides with therapeutic potential.

Table 3: Auger and Coster-Kronig Electron Emitting Radioisotopes for Radiotherapy

Radionuclide Half-life
I-125 60 (d)
Er-165 10.3 (h)
Pt-193m 4.3 (d}
Rh-103 59 (min)
In-111 67.3 (h)

Radioimmunotherapy: An area that has received a considerable amount of attention

over the past 15 years is the use of radiolabeled antibodies (MoAbs) for the purpose
of radioimmunotherapy. With the advent of the development of the hybridoma
technolegy of Kohler and Milstein in 1975, the number of monoclonal antibodies
against a large number of tumor antigens became possible (Hoefnagel 1991; Chatal
et al., 1999; Hoefnagel 1998). The subseguent separation of whole antibodies into

Fab and F(ab'), fragments offered even greater promise for this approach allowing for
17



faster blood clearance and a reduced human anti-mouse antibody (HAMA) response.
Monoclonal antibodies (MoAbs) were first used as diagnostic scintigraphic agents
(radioimmunoscintigraphy), but therapeutic applications directed against various
antigens of specific tumor types quickly followed (Chatal et al.,, 1999; Park 1997).
Radionuclides that have been complexed to antibodies for radioimmunotherapy
include 1-131, Re-186, Re-188, Y-00, Cu-67, At-211, Bi-212 and Bi-213 (Park 1997).
Results with solid tumors has been disappointing resulting in an objective response
rate of <2% (Chatal et al., 1899; Hoefnagel 1998). These poor resuits have been
attributed to the low uptake of antibody in the tumor, relative radio-resistance of the
tumors treated and short retention of the antibody at the tumor site (Humm et al.,
1980; Hoefnagel 1991/1998, DeNardo et al., 1999). Therefore, this approach has not
lived up its initial expectations. More recent positive results using 1-131 anti-CD 20
antibody for the treatment of leukemia and lymphoma (liquid tumors) has resulted in
objective response rates of nearly 70%, and a high number of patients achieving
complete remission {Hoefnagel 1998). Major drawbacks to radicimmunotherapy in
general include acute toxicities, HAMA response, and bone marrow toxicity (Humm
et al., 1990; Hoefnagel 1991). The encouraging resuits in liquid tumors show that
radioimmunotherapy has a definite place in the clinic, but the approach to solid tumor
radioimmunotherapy may not be a reality in the near future. Table 4 is a summary of
the current status of radionuclide therapies which are available andfor are in clinical
progress that relate directly io the oncology area. Additionally, their respective

targeting mechanisms are listed.

Of the draw-backs mentioned regarding the use of monoclonal antibodies for
radicimmunotherapy (RAIT), a major concern is the amount of time required for these

types of molecules clear from the normal non-target tissues. High-energy
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radionuclides like Y-90 would impose a high radiation burden on normal tissue as a
result of the high degree of non-specific localization of the radioactivity (Goodwin et
al., 1998). More recently, there has been a concerted effort to improve the targeting
moiety to solid tumors and significantly reduce non-specific background radiation,
which would permit faster imaging of the malignancy, but more importantly reduce
the non-specific radiation burden from the non-target tissues. The methods used to
achieve the reduction in background has been termed “pre-targeting” and the
experimental results in animal models have been impressive thereby resurrecting the

concept of RAIT.

Successful pretargeting combines the slow clearance of the target molecule (MoAb)
with the rapidly clearing effector molecule, which results in high tumor uptake with
correspondingly lower non-target retention, which reduces the toxicity as a result.
The most popular pre-targeting approaches have employed either the biotin/avidin or
hapten/antibody systems (Yao et al., 1998). These approaches allow for separate
administration of antibody and effector molecule, which separate or decouple the
pharmocokinetics of the antibody from the radionuclide (Axworthy et al., 2000). By
separating these two, high uptake of the antibody at the target site can occur
followed by injection of the rapidly clearing effector (radionuclide) molecule. Pairing of
the appropriate receptor-ligand-combination resuits in shorter whole body residence
time of the radionuclide permitting administration of higher doses of radioactivity.
Axworthy used the avidin/biotin system of pretargeting showed that the conjugate
NRLU-10/8A injected into nude mice bearing human xenografts were cured (10/10

mice) after a single dose of 600-800uCi of 90Y-DOTA-Biotin (Axworthy et al., 2000).
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A second approach to pre-targeting is known as the Affinity Enhancement System
(AES) which uses bispecific antibodies and radiolabeled bivalent haptens to target
cells. The system promotes cooperative binding of the haptens to target cells thereby
delivering increased radiation doses to tumors and increasing residence times at the
7site (Barbet et al., 1999). Preliminary clinical results with MTC and certain lung

cancers look promising.

Table 4: Therapeutic Applications of Nuclear Medicine in Oncology

Treatment Targeting Mechanism Indication

1-131(as iodide) Thyroid Hormone Synthesis Thyroid Cancer

P-32 Phosphate Incorporation into DNA, of rapidly
Polycythemia vera

proliferating cells Thrombocythemia

-131-MIBG Agtive uptake in granular storage Neuroblastoma
Pheochromocytorma
Paraganglioma
MTC

In-111/Y-90 Octreotide Somatostatin receptor binding Neuroendocrine,

SCLC
Lymphoma, Renal cell
Carcinoma, Thyroid
cancers

I-131 anti-CD20 Lymphoma

1-131 MoAbS Antigen binding MTC, NSCLC

Sr-89 Chloride Bone metastases Bone Pain

Re-186 HEDP Palliation

Sm-153 EDTMP
Sn-117m DTPA

Y-90 microspheres
1-131 Lipidel Intravascular trapping Hepatacellular ca.
Liver metastases

Intracavity MoAbs Antigen binding Malignant effusions
Craniopharyngioma

Intratumoral MoAbs Glioma

P-32 Colloids Direct intratumoral injection Pancreatic and liver
Tumors

(Source: Hoefnagel 1998)
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Somatostatin Receptor Targeted Radiotherapy: Almost 30 years after the discovery

and identification of somatostatin, the therapeutic potential of this target remains to
be adequately exploited (Berelowitz 1995). Somatostatin is a cyclic disulfide
containing peptide hormone consisting of 14 amino acids that is present on the
hypothalamus, cerebral cortex, brain stem and pancreas (Breeman et al. 1996). The
hormone was first isolated in 1973 by Guillemin at the Salk Institute, and the
somatostatin receptor has been found in the gastrointestinal tract, CNS, and many
cells of neuroendocrine origin (Reubi et al.,, 1982; Patel et al.,, 1982). In the CNS
somatostatin acts as a neurotransmitter and the hormonal activities include inhibition
of the release of growth hormone, insulin, glucagon and gastrin (Brazeau et al.,
1986). The inhibitory effects on secretion by somatostatin yielded a possible
therapeutic appiication, but the tetradecapeptide was unstable after intravenous
administration with an effective half-life of only ~3 minutes as a result of rapid
enzymatic degredation (Breeman et al., 1996). The more recent synthesis of stable
somatostatin analogues by the introduction of D-amino acids and shortening of the
core binding sequence produced the octapeptide Octrectide (Figure 1a). The
visualization of tissues containing somatostatin receptors was first demonstrated in
rats and humans beginning in 1987 using first '°-Tyr*-octreotide, and later with ""'In-
DTPA-octreotide (Krenning et al., 1989, Bakker et al., 1990; Breeman et al., 1996).
This agent, OctreoScan, became the first commercial nuclear medicine product to
receive FDA approval in which the mechanism was based on receptor targeting, and
since it's market introduction in 1894 this agent has remained the “Gold Standard” for
somatostatin receptor scintigraphy (Krenning et al., 1995; Reubi et al., 2000). To date
five human subtypes have been identified and cloned and are labeled as sst; through

ssts. All five subtypes bind somatostatin-14 and somatostatin-28 with high affinity,
21



while octreotide binds to sst; with high affinity and to ssts with lower affinity. It has a
lower affinity for subtype ssts, and no affinity for subtypes 1 and 4 (Breeman et al.,

1995, Reubi et al., 2000).

Figure 1: Structures of Somatostatin Derivatives
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The favorable imaging and pharmacokinetics of '"'in-DTPA-Octrectide (OctreoScan)
as a scintigraphic agent quickly gave rise to the idea of using Octrectide as a
potential ligand for radiotherapy. At that time a suitable chelate for a B~ emitting
radionuclide such as Y-90 did not exist, as DTPA is insufficient to prevent the
disassociation of the metal complex in vivo {Krenning et al., 1994). Therefore, the
initial therapeutic attempts with Octreotide were begun using In-111 with the idea that
the Auger and Coster-Kronig electrons would exhibit a sufficient therapeutic effect on
a human neuroendocrine tumor based on the internalization of OctreoScan (Krenning
et al., 1994, Breeman PhD Thesis 1895). In-111 yields several low energy Auger and
Coster-Krenig electrons in the range of ~3.0 keV (Auger) and 175 keV (conversion
electrons). A second human study was done in 1996 designed to treat midgut
carcinoma syndrome (Fjalling et al., 1896). In animal studies using the CA20948
flank and liver models, de Jong and Breeman were able to show a significant
reduction in tumor masses (flank model) and in the number of hepatic metastases
{liver model) using '"'In-DTPA-octreotide at 370MBq dosing regimens (de Jong et
al.,1999).

The lack of an cbjective response using this approach led to the idea that the
radionuclide terbium-161 (Tb-161) may have improved thérapeutic properties over In-
111 and be chelated to DTPA-Tyr®-Octreotide (de Jong et al., 1995). Tb-161 has a
half-life of 6.91 days and emits B rays of 135, 154 and 180keV. Tumor bearing rat
studies showed that the terbium complex may be a more promising candidate for

both intraoperative scanning and radiotherapy (de Jong et al., 1995).
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In that same year Anderson introduced the potential of copper-64 (Cu-64) complexed
to Octreotide through the more stable TETA (Figure 1e) and CPTA (Figure 1d) ligand
systems. Cu-64 has a short half-life of 12.8 hours and emits a B~ of 0.573 MeV and a
p* of 0.656 MeV that is useful for PET imaging (Anderson et al., 1985). In vitro cell
binding data indicted that both **Cu-Octreotide complexes bound with greater affinity
on AT20 mouse pituitary carcinoma cells, and also showed greater tumor uptake in a
Lewis tumor model (CA20948) compared to '"'in-DTPA-Octrectide. The very high
hepatobiliary metabolism of the CPTA ligand precluded its use as an agent, but the
TETA derivative exhibited favorable biological characteristics in vive. The TETA
complex was prepared at high specific activity (1500-3000Cifmmol} in yields >95%.
Radiotherapy studies were conducted in Lewis rats bearing the CA20948 pancreatic
tumor line with single doses of 15mCifrat or fractionated doses (15mCi) of 2-3 doses
per animal. Inhibition of tumor growth was observed in all treatment groups, however
a significantly greater effect on tumor growth inhibition was noted when dose
fractionation was employed as the regimen. Tumor growth was delayed from 50-
100% for only 10-15 days over untreated controls, but after 25 days post treatment
significant re-growth of the tumors occurred in all treatment groups (Anderson et al.,
1998). No apparent toxicity was observed in any of the treatment groups. Despite the
large (mCi) dosage and the very short inhibition of tumor growth, the researches
propose that %Cu-TETA-Octreotide is a promising radiopharmaceutical for targeted

radiotherapy for somatostatin positive tumors (Anderson et al., 1998).

In an impressive study Stoltz described the use of Y-90 chelated to Tyr*-Octrectide
using the DOTA ligand (Figure 1f) targeted to the same rat tumor model (Stoltz et al.,
1998). In this study five of seven animals treated with a single dose of 10mCi/kg

(2.5mCilrat) resulted in complete tumor remission, with no re-growth of tumor noted
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up to eight months post treatment. Other than transient loss in body weight, no
significant toxicity was observed using this regimen. This study was the first fo
demonstrate that a somatostatin targeted radionuclide agent could effectively induce
tumor remission in this animal medel. Due to the high homology {94%) between
human and rat sstz, the predominant subtype on human somatostatin expressing
malignancies, (Reubi et al., 1996) this agent is quite promising for radionuclide
therapy. Attempts by de Jong to reproduce this finding were not successful, however,
as only a transient delay in tumor re-growth was observed. After a single injection of
3.0 mCi of Y-90 a delay in tumor growth of 28 days was observed, and with two
doses of 3.0 mCi a delay of only 65 days was noted before re-growth was observed
(de Jong et al., 1989). In this reference it was noted that this difference in the resuits
may be due to size of the tumors targeted and the relative difference in
radiosensitivity, even though the tumor line (CA20948) used in both studies was the

same.

The concept of using low to medium energy beta emitting radionuclides chelated to
small peptide molecules emerged with the discovery of DTPA-Y*-Octreotate (Figure
1c). The peptide was modified to replace the threoninol with the natural amino acid
threonine. This modification resulted in a greater than three fold increase in uptake of
the sst; positive tumor CA20948 and a 50% reduction in the kidney dose (deJong et
al.,1998; Srinivasan et al., 1988). The biodistribution and pharmacokinetic profile of
this molecule offer a significant improvement over octreotide. The idea of using
radionuclides such as samarium-153 (Sm-153} and lutetium-177 (Lu-177) was first
attempted with the idea of reducing kidney toxicity, while evaluating the potential of
these low-medium energy beta emitters as therapeutic radionuclides. The palliative

effects of Sm-153 chelated to EDTMP are well documented, and the product
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Quadramet was approved by the US FDA in 1995 for the palliation of bone pain
associated with metastatic bone cancer (Goeckler et al., 1998 Tumer et al., 1989).
The stable chelation of Sm-153 to the peptide Octreotate required a ligand other than
DTPA, and as a result the ligand DTPA' or CMDTPA (Figure 1g) was synthesized
and evaluated in CA20948 tumor bearing Lewis rats. The results indicated good
tumor uptake and retention, corresponding low kidney retention and 75% renal
clearance of the agent at 24 hours post injection. Based on these resulis several
therapy studies were initiated evaluating the potential of the peptide chelate to inhibit
tumor growth in the CA20948 rat model. Preliminary studies indicated that even a
single bolus dose of 0.5 mCifrat had a therapeutic effect on tumor growth. The most
efficacious results were obtained with muitiple dosing regimens of either 3 x 5SmCi/rat
or 5 x bmCi/rat dosed over a period of 3 to 5 weeks. In these studies tumor
regression was prolonged 150% and 400% respectively over untreated control
animals (Bugaj et al.,, 2001). However, even after five treatments all animals
eventually succumbed to latent tumor growth. These results indicated that low-
medium energy beta rays can be effective in promoting tumor regression, but it was
believed that Sm-153 suffered from two major draw backs: (1) low specific activity
(<300Ci/mmol) and (2) relative short half-life (46.8 h) that reduces the overall
effective therapeutic payload. To counteract these shortcomings, the radionuclide Lu-
177 was investigated. This radionuclide has a slightly lower Emax (0.497MeVI78%
abundance) but the ty» of 6.7 days is substantially greater than that of Sm-153. The
potential specific activity of >3000Ci/mmol is significantly greater than that of Sm-
1683. This radicnuclide also emits a gamma ray of 0.208MeV that is an excellent
tracer for scintigraphy and for calculating dosimetry (Meredith et al., 1996). This
lanthanide has similar physiochemical properties as Sm-153, however stable

complexes of Lu-177 in vivo require that the DOTA ligand system be employed over
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DTPA or CMDTPA type of ligand systems. The DOTA ligand has been used
extensively with Y-90, and the synthesis of DOTA-linked peptides by standard Fmoc

solid phase synthesis has been readily achieved.

The biodistribution and clearance properties of '’Lu-DOTA-Tyr’-Octreotate were
compared to the Octreotide analogue directly in CA20948 tumor bearing Lewis rats.
The Octrectate derivative showed significantly (P<0.05) higher uptake in the sst;
expressing organs compared to Octreotide. Overall clearance properties and
excretion patterns were similar for both compounds, however the Octreotate
compound indicated significantly less kidney retention compared to Octreotide, which
makes this molecule more attractive as a potential therapeutic by reducing the
potential radiotoxicity to the kidneys accordingly (Erion et al. 1999, de Jong et al.,
1998). The therapeutic efficacy of this agent was tested in CA20948 Lewis rat model
based on the favorable biodistribution and clearance properties exhibited in the
aforementioned studies. Tumor bearing rats were treated with one or three doses
(37, 92.5, 185MBqg per dose) 30 days between dosing, at a specific activity of
~1200Ci/mmol. Tumor regression was observed in all treatment groups. The highest
percentage of surviving animals was observed in the groups that received multiple
treatments. Fifty percent of the animals (n = 8) receiving 3 x 92.5 MBq survived more
than 18 months post implant. Animals treated with three doses of 185MBq showed
that 100% of the animals (n = 8) survived 12 months post implant, but began fo
exhibit signs of morbidity (weight loss, loss of appetite and poor grooming) from 12-
15 months post implant (Erion et al., 1999). By 16 months post implant all animals in
this group had died, and necropsy results revealed a high prevalence of renal
carcinoma in the treatment group (Bugaj et al., 2001). However, the renal toxicity

issues presented here require closer examination with regard to additional design in
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treatment regimens and the use of amino acid infusion to reduce radiotoxicity to the

kidneys (de Jong et al., 1998; Behr et al., 1995; Bernard et al., 19986).

In a parallel study design, de Jong reproduced these findings with a similar dose
regimen of "’Lu-DOTA-Y*-octreotate in the CA20948 Lewis rat model (de Jong et
al., 2001). In this study complete remission of tumor growth was noted over a period
of 150 days post treatment, at which time the study was terminated and the animals

sacrificed to evaluate possible toxicity associated with the treatment.

This approach to receptor-targeted radiotherapy was expanded through the
introduction of two novel sst; positive rat tumor models, and demonstrated a
pronounced radiotherapeutic effect using '’Lu-DOTA-Y®-octreotate (Bugaj 2002).
Based on the AR42-J cell line, pre-weaned Lewis rats were successfully manipulated
into hosting this quasi-murine cell line in both the flank and the liver metastases
models. All prior use of the AR42-J cell line was limited with either athymic nude or
SCID mice, both animal models that require expensive and elaborate housing
requirements in a sterile barrier. Pre-weaned Lewis rats bearing the AR42-J flank
tumor treated with either 3 x 2.5mCi or 4 x 5.0mCi showed a significant reduction in
tumor growth compared to untreated controls. However, unlike the complete
remissions observed by Erion and de Jong using the CA20948 rat model, latent re-
growth was observed in all the AR42-J tumor-bearing animals treated with "7Lu-
DOTA-Y?-octreotate at 75-100 days. The new flank model was, therefore, thought to
represent a novel animal medel for more radio-resistant neuroendocrine tumors

bearing the sst; receptor subtype.
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The second animal model introduced was the AR42-J liver metastases model,
patterned after the CA20948 liver model of Breeman and de Jong (de Jong et al.,
2000). In this study animals were inoculated with 2.5 x 10° AR42-J celis directly into
the portal vein of young (4 week cld) Lewis rats. They were subsequently treated with
3 x 5.0mCi of """Lu-DOTA-Y*-octreotate at 7, 14 and 28 days post injection of cells.
Using this dosing regimen tfreated animals at 34 days post injection of cells upon
necropsy showed virtually no presence of tumor involvement of the liver (<2%)

compared to ~80% liver involvement for the untreated control group.

A novel in vivo sst; expression system was created in the rat mammary tumor line,
Mat-B, using a series of plasmid vectors enceding for the human hsst, receptor gene.
The approach is similar to the methodology of Rogers and Zinn, for the gene
expression of sst; using adenoviral vectors (Rogers et al., 1999; Zinn et al., 1999).
The Mat-B tumor line is normally negative for the expression of sstz. Transfection of
the vector resuited in the expression of hsst; receptors in the Mat-B tumor line. The
tumor was then implanted into Fischer-344 rats and the novel model was evaluated
for uptake of Tyr’-octreotate radiolabeled with In-111. Following validation of the
model system, radiotherapy using '"’Lu-DOTA-Tyr*-octreotate was performed and a
therapeutic effect was observed. This model allows for the expression of human
receptors in a rat model as opposed to athymic nude or SCID mipe bearing human
xenografts., and can be applied to other receptors including bombesin or CCK (Bugaj

et al., 2002).

The examples provided confirm the hypothesis that low-medium beta particle
emitting radionuclides can be effective for radiotherapy of somatostatin tumors, and

that the radionuclide, Lu-177, is particularly attractive for radiotherapy due to its
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favorable physiochemical properties. The pre-clinical data presented here has helped
lead to the evaluation of the "’Lu-DOTA-Y®-Octreotate in a clinical setting. The
compound has now been administered to over 100 patients at Erasmus Medical
Center with neuroendocrine indications. To date the data indicate a complete or
partial response rate of 36% (CR +PR) and stable disease (SD) in 42%. These
response rates Indicate a large improvement over *°Y-Octreother, and clinical
consensus is that this radiolabeled peptide is most promising for the treatment of

tumors of neuroendocrine origin (Kwekkeboom et al., 2002),

Applications to_Biomedical Optics: The use of low beta emitting radionuclides

chelated to Tyr®-Octreotate was extended to the targeting of sst, positive tumors
using fluorescent probes as opposed to radionuclides. This work was conducted
using modified indocyanine green conjugated to Tyr*-octreotate, creating a molecule
termed Cytate. CA20948 and AR42-J tumor animals were injected with the Cytate
dye-conjugate, and imaged using a simple CCD camera interfaced to a standard
computer system. Following injection, the animal was excited at a wavelength of
780nm and fluorescence emission was captured at 810nm. When injected into tumor
bearing Lewis rats, intense localization of the Cytate dye was observed in the tumor,
with little background flucresence observed elsewhere in the animal (Achilefu et al.,
2000, Bugaj et al., 2001). The localization of the dye exceeded 36 hours in the sst;
positive tissues of the pancreas, adrenals and tumor, but almost no fluoresence was

observed in non-target tissue including blood, spleen, heart and kidneys.

The logical extension of this use of fluorescent probes targeted to the somatostatin
receptor is the conjugation of a therapeutic dye to the peptide. These molecules,
termed Photodynamic Therapy (PDT) agenis, release singlet oxygen or free radicals

upon excitation, and produce a therapeutic effect as a result (van den Boogert-Kluin
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1999). Thus far, the clinical success has largely been limited to the condition known
as Barrett's esophagus when treated with 5-aminolevulinic acid (Gossner et al.,
1998; van den Boogert-Kluin, 1999; Overholt et al., 1999). The use of acridine
orange as a PDT agent for the treatment of osteocsarcoma in an experimental mouse
model has also been reported (Kusuzaki et al., 1999). None of the systems utilize the
targeted peptide conjugate approach, thereby limiting the therapeutic dose delivered
to the target tissue. Additionally, these agents are rather toxic and prevent the patient
from exposure to natural sunlight for extended periods of time (van den Boogert-
Kluin, 1299). The use of targeted PDT agents based on a peptide conjugate
approach would largely eliminate unnecessary toxicity, and deliver a substantially

larger amount of dose to the targeted tissues.

Conclusion: The studies presented in the thesis confirm the utility of low-medium
energy beta emitting radionuclides for radiotherapy of somatostatin positive tumors,
and demonstrates that the optimal peptide for somatostatin imaging and therapy is
Tyr’-Octreotate. The potential of this peptide for use in PDT conjugated with

fluorescent agents was also demonstrated in vivo.
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ABSTRACT

We evaluated the following "In-labeled in (5S) anatog
{diethylenetriaminepentaacetic acld, DTPA; tetraazacyclododecanetel-
rascetic acld, DOTA): [DTPA’loctrectide, [DTPA® TyrJoctreotide,
[DTPA* o-Tyr’Joctreotide, [DFPA%,Tyr’joctreotate [Fhir{ol) In octreotide
replaced with Thr), and {DOTA, Tyr*joctreotlde, in vitro and in vive.

In vitro, all compounds showed high and specific binding to SS recep-
tors In mouse pitvitary AtT20 tumor cell membranes, and 1C s were in
the nanomolar range. Furthermore, all cempounds showed specific Inter-
nalization In a1 pancrestic tumor cells; uptake of [*In-
DTPAY Tyr Joct was the highest of the compaunds tested, and that
of ['""'In-DTPA%0-Tyr'Joctreotide was the lowest. Biodistribution exper-
Iments In rats showed that, 4, 24, and 48 b after injection of ['**In.
DTPA® Tyrjoctrentide, ['''In-DTPA%Yyr*loctrectate, and ['*Io.
DOTAY, Tyr'joctreotide, radloactlvity in the octreotide-bindlng, receptor-
expressing tissues and tumor-to-blood ratios were significantly higher
than those afler Injection of ['’In-DTPA%joctrectide. Uptake of [*'In-
DTPA®,Tyr’loctreotate In the target organs was also, #v vivo, the highest
of the radiolebeled peptides tested, wherens that of [*'In-DTPA%D-
Tyr'Joctreotide was the lowest, Uptake of [*'In-DTPA®, Ty Joctreotide,
["'In-DTPA®, Tyrjoctreotate, and " In-DOTA® Tyr*Joctreatide In tar.
get tssues was blocked by >90% by 0.5 mp of unlabeled octreotide,
indicating specific binding to the octreotide receptors. Blockade of [ Tn.
DTPA*D-Tyr'loctreotlde was >70%. In conclusion, radiolabeled
[DTPA®, Tyr’Joctreotide and, -especially, [DTPA®Tyr’loctreotats and
their DOTA-coupled counterparts are most promising for scintigraphy
and radionuclde therapy of 55 receptor-positive lumors in bumans.

INTRODUCTION

Radiolabeled tumor receptor-binding peptides can be used for in
vive scintigraphic imaging. An example is $8,° which binds to its
receptors on tumors of neuroendocrine origin (1). The native peptide,
hawever, is susceptible 10 very rapid enzymatic degradation (2) and is,
therefore, not useful for in vivo application. Therefore, more stable
synthetic 55 amalogues have been developed; e.g., the octapeplide
octrentide (Fig. 1: Ref. 3). Because octreotide cannot be radiolabeled
casily with 2 y-emitting radionuclide, Tyr*-octreatide was developed,
allowing radioiodination of the molecule (Fig. 1), Fhis compound,
radiolabeled with '**1 or '#1, was the first used in in vitro SS receptor
studies (4), umor scintigraphy in animals (4), and in humans (1, 5).
1'"'In-DTPA®]octreotide, consisting of the octapepride ocireotide and
the chelator DTPA (Fig. ). enabling radiolabeling with a radiometal
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like '''In, was the next $S analogue 1o be synchesized for scintigraphy
of SS receptor-positive lesions in vivo. We have described its advan-
tages over radiciodinated Tyr-oceotide and iis wse for scintigraphic
imaging of $§ receptor-positive lesions {6, 7).

A new and fascinating application is the use of mdiolabeled oct-
reotide for radionuclide therapy. Promising results with regard to
tumor growth inhibition have been reported in humans using [*!'In-
DTPA®locireatide (8). A B~ particle emitter, such as ®Y, may. in
certain cases, appear more suitable for this purpose than the Auger
electron emitter '''In, However, *°Y-DTPA is unstable, resulting
in hematopoietic toxicity in vive; therefore, Tyr-ocucotide has
been derivatized with the DOTA chetator {Fig, 1), enabling stable
radiolabeling with *°Y and '"In. (Pre)clinical stodies with
[DOTA®, Tyr*Joctreotide showed favorable biodistribution znd tumor
uplake characteristics {9=11).

The success of the therapeutie sirategy relies upon the amount of
radiotigand, which can be concenwated within' tumor cells, and this
will, among other things, be determined by the rates of internalization,
degradation, and recycling of both ligand and receptor. We have
evaluated and compared the differcnt mentioned ' 'In-chelator-pep-
tide constructs, and we have also studied some new, recently synthe-
sized S5 analogues, with regard to binding to ocireotide receplors on
mouse pituitary tumor celi membranes and internalization in rat
pancreatic tumor ceils, Furthermore, biedistribution in tamor-bearing

-rats was investigated in vivo, The newly synthesized analogues tested

were [DTPA®D-Tyr'Joctreotide and [DTPA%,Tyr Joctreolate (struc-
tures shown in Fig. 1)

MATERIALS AND METHODS

Labeling of Octreotide Derlvatives, [DTPA%octreotide and V¥ InCl, were
provided by Mallinckrodi Medieal (Petten, the Netherlands), and octreotide
was supplied by Sandoz (Basel, Switzerland). [DOTA Tyr*Jocirectide was
synthesized by H.R.M. and [DTPA%D-Tyr'locueotide, [DTPA®Tyr]-
octreolide, and [DTPASTyr'loctreotate were synthesized by A, 5. ''In label-
ing of the DTPA-analogues was as described for [DTPA Jocwreotide (12),
and '"In-labeling of [DOTA®Tyrlocuroide (%) ond '*-1abeling of
[Tyr*Joctreotide (4) were performied as described.

In Vitro Receptor Binding Studies. Receptor binding sssays were carried
out using {1 Ty Joctreotide (2200 Cifmmol) s indialigand using mouse
AUT20 pitvitary tumor cefl membranes (13).

Internallzation. AR42} cells were grown in RPM? 1640 (Life Technolo-
gics, Inc,, Grand Island, NY), CA20848 cells were grown in DMEM (Life
Technologies, Inc.), and ARO cells were grown in DMEM/F12 {Life Toch-
nologies, Inc.); for all cell lines, medium was supplemenied with 2
glutamine and 10% FCS. Before the experiment, subconfluent cell cullures
were transferred 10 ix-well plates.

The binding of the radiolabeled peptides to wmor cells and subsequeny
inemalization were studied essentially as described {14), In shost, before the
sxpetiments, cells were washed, and incubation was stanted by sddition of 1 m
of internalization medium/well {culture medium without FCS but with 1%
BSA) with B0 kBq of pepiide (0.1 nm concentration). Cells were incubated at
37°C for indicated periods of time. To determine nonspecific internalization,
cclls were incubated with an cxcess unlabeled octrmotide (0.1 pm). Cellular
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. | T
octreotide D-Phe-Cys-Pha-O-Trp-Lys-Thr-Cys-Thr {ol}
A
[Tyr’joctreotide D-Pha-Cys-Tyr-D-Trp-Lys-Thr-Cys-Thr {of}

L
[D-Tyr'loctreotide  D-Tyr-Cys-Phe-D-Trp-Lys-Thr-Cys-Thr (ol)

. | |
[Tyrloctraotate D-Phe-Cys-Tyr-D-Trp-Lys-Yhr-Cys-Thr
HCOC-CH, H,C-COOH CH,-CO0H
DTPA FAGH, M 1N
HooC-cH, NeH,-COOH
DOTA HOOG COOH
U/
Lo )
1_1‘]
HOOC COOH
Fig. 1. Stractures of ide, o-Tyr' ide, Tyr ide, Ty

DTPA, ant DOTA.

Table | ICsy of unlabeled peptides
Binding of [***1.Tyr*Joctreotids ta mowse AYT20 pituitary cell membeanes, Resulls an
. means of tripli in a rep i i

Unlabelad peptide ICsq ()
[DTPA  octreatide: 3
[DTPA® Ty Yoctrentide 32
[DTPAL Ty Joctreotide 6.3
[D'I'I’A".T)f’]onmmw 16
[DOTA Ty Joctreotide 0.6

uptake was stopped by removing medium from the celis and washing with 2 ml
of ice-cold PBS. To discrimi between i lized and nonintemnatized
{surface-bound) radicphan icals, intact eells were incubated with 1 ml of
20 mM sodium acetate. The internalized and noninternalized fractions wers
determined by measuring radicactivity in a LKB-1282-Compugammasysiem.
The internalized fraction was expressed as percentage of the applied dose per
mg of cellular protein. The latter was determined using a commercially
available kit (Bio-Rad, Veenendaal, the Netherlands),

In Vive Tissue Distribution. Animal experiments were performed in com-
pliance with regulations of our institution and with generally accepled guide-
lines govemning such work. Male Lewis rats, bearing the CA20948 pancreatic
tumor or Wistar mele rats (200-250 g} were used in the experimenis. Rats
were injected under ether anesthesia with 3 MBqg (0.5 ug) of *'In-labeled
peptide in 200 gl of saline into the dorsal vein of the penis. To determine
nonspecific binding of the radiopharmaceutical, a separate group of rats was
injected s.c. with 0.5 mg of octreotide in | ml of .05 M peetic acid in saline,
30 min before inj of the radiolabeled peptide, At the indicated time
points, rats were sacrificed under ¢ther anesthesia, Organs and blood were
collected, and the radioactivity in these samples was determined using a
LKB-1282-Compugammasystem. Statistical evaluation was performed using
one-way ANQVA, followed by comparison among class means and Swdent’s
¢ test, corresied for multiple pairwise comparisens between means,

RESULTS

Radiolabeling. '''In-labeling cfﬁciency of the different peptides
and radioiodination efficiency of [Tyr’loctreotide ranged from 97 1o
100%.

In Vitro Receptor Binding Studies. Table 1 shows that unlabeled

.peptides had high and specific binding for the octreotide-binding
receptors {moatly sst;) on AtT20 membranes: the IC,, values were all

.. in the nanomolar range, [DOTA®.Tyr*loctreotide showed the highest

affinity, - -
- In Viiro Internalization Studies. Table 2 shows specific intermal-

ization, that is, total internalization comected for internalization in the
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presence of a blocking dose of octreotide of the '**In-labeled peptides
in the octreotide receptor-positive rat pancreatic cell lines afier a

_ 60-min inguBation a1 37°C. Data were expressed as percentages of

specific intemalization of ['2*1-Tyr*joctreotide. As is shown, inter-
nalized radioactivity of [*''In-DTPAC. Ty Joctreotate was the highest
of the compounds tested. whereas that of ['''In-DTPA®p-
Tyr'Joctreotide was the lowest.

Tissue Distributior in Rats. Fig. 2 presents radioactivity in oct-
reetide binding receptor-positive (mostly ssi,) organs, including pan-
creas, adrenals, pituitary, and CA20948 rat pancreatic lumers, 4, 24,
and 48 h after injection of the radiolabeled peptides. Uptake in these
oclreotide receptor-expressing orguns at the time points ested was
highest for ['*'In-DTPA",Tyr*Joctreotate and towest for [*''In-
DTPA®b-Tyr' loctreotide.

Table 3 shows that uptake of *''In-labeled peptides in these oct-
reotide receplor-positive target organs represented mostly specific
binding to the octreotide receptors because uptake was decreased to
less than 7% of control by preweatment of the rats with 0.5 mg of
unlabeled octeeotide, except for [''In-DTPA® b-Tyr! Joctreotide, for
which uptake wis decreased to about 30% of control.

In Table 4, radioactivity in octreotide receplor-negative organs and
blood 24 h after injection of the tested ' 'In-labeled peptides is shown,
Clearnnce from the blood was rapid and comparible for all peptides.
The radiolabeled peptides were excreted in the urine very rapidly and
mostly intact; over 95% of the excreted mdioactivity after 24 h was
intact radiolabeled peptide (data not shown). Furthermore, the low
uptake of [ 'In-DTPAC Tyr*Joctreotate in the liver is worth mention-
ing, which is favorable, especially in combination with the rapid biood
clearance and high uptake of this compound in the target organs.

The dala obtained in vivo, as shown in Fig. 2 and Table 4, are
summarized in Fig. 3, in which the AUC (h%ID/g} for each group
between 4 and 48 h post injection is shown, The top panel shows that
radicactivity/g tissue in this time period was low in blood. liver. and
spleen and higher in kidneys, tumor, and octreotide receptor (ssl,)-
positive organs. The bottom panel shows the same data but expressed
as percentage of the AUC of ['''In-DTPA%]octreotide in the different
organs. [n the ssty-negative organs, AUC is comparable for the pep-
tides, except for the low fiver AUC of ['!'In-DTPA®. Tyr" Joctreotate,
In the sst,-positive organs, the AUC of ['''[n-DTPA®, Ty Joctceotate
is the highest,

DISCUSSION

Compared 10 *I-Tyr'-octreatide, ['!!ln-DTPA%Jocireotide was
the preferred analogue for in vive scintigeaphy because it has sevesal
advantages: general availability, simple one-step method of radiola-
beling, longer physiological half-life in plasma, and a more suilable
metabolism (5). A new field of application of radiolabeled S5 ana-

Table 2 Comperlsan of specific internaligation of { '”ln-DTPAo.locrrmlidé.
[ in-DTPA".0-Fye’ foctreoiide, [t DTPA°.Tyr locireotide.
P InDTPAS Ty jocirectate, and [ n-DOTA  Tyr' ocireotide
ofter a 60-min incubation at 37°C
Data for cach cxperiment expressed a3 percentage of specific ['2L-Tyr Jocueotide
internalization {range, 6.5 = 0.6%—9.2 = 1.1% dose} tesled in the same experiment. Datz

are the means of those obtained in af feast two different in the two d
receptos-positive cell lines used (CA20948 and ARSI}
Compound Mean (SD)

("3 1Ty Joctrestide o (1

[} 1n-DTPA Yoctreatise 82(0.7)°

(M 1n-DTPA%D-Tyr Jostreotide 22(L1°

("' in-DTPA® Tyr Joctreatide 40.2 (4.5)"

[”'In-D‘I‘PAe.Tyz:)]ncmum 2115 (12

[ in-DOTA®, Tyr octreatide 14.6(1.1)°

° P < 0001 versus ' P1-Tye joctreotide.
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ing organs 4, 24, and 48 h alter injection of the '!'In-labeled peptides in rats, Columns, mean BID/g (n = 6); bars, SE. ND, not

determined; DTPAOC IDTPADIOCmﬂd:; DTP;‘TIOC. [DTPA .-Tyr Joctrestide; DTPATIOC, [DTPARTyr loctrectide; DTPATITATE, |DTPAP, Tyr*joctreotate; DOTATIOC,
IDOTA Tyr*loctreotide. », P < 0.001 versux | In-DTPAjocureotide, for all time paints tested.

Table 3 Radioartivity in 85 receptor-positive grgans of vctrearide-prereated rats 24 h
after adminisirarion of the ' In.lobeled pepitdes
Labeled compound was Injecied 30 min afier s.c. injeciion of 0.5 mg of unlabeled
actrentide or vehicle {control). Tiasue radioactivity in octreotidepretreated rats is ex-
pressed as a percenlage of that in conuts [for each group a &= & mean (SE)).

Treatment Piitary Pancreas Adrenals Tumor
[DTPA ocweotide §2(07° 350017 1500027 43035
[DTPA o Tyr'loctreotide  222(4.5)°  27.9(14)°  29.6(1.1)° ND*
[DTPALTyC Jocureatide 47(04)° 09(0.03)° 40{03)°  48(04)°
IDTPA" Ty hocireninie 3.2 (0D.4)° 2.6 (0.4)° 071" 639)F
1DOTA" Ty locureatide L640.04°  10(0.02°  10W004F  316(03)°

Y P < B,00} versur conlrol.
¥ ND. not derermined.

logues is the use of radiolabeled peptide for radionuclide therapy of
receptor-positive lesions. Currently, this applicalion was explored
successfully by repeated administradon of high doses of ['''In-
DTPA%octreotide in humans (8). However, a B~ panicle emitter,
such as *°Y, may, in ¢ertain cases, appear more suitable for this
purpose than the Auger electron emitier '''In. Radiotherapeutic use of
*T¥.labeled peptide will lead 10 a higher and more evenly distributed
fadiation dose to the wmor because of its larger particle range and
Ussue penetration. Even umors with an nonhomogeneous cellular
distribution of recepiors, such as breast tomors, may respond favor-
ably 1o treatment with such a **Y.labeled radiopharmaceutical,
whereas treatment with '*in-labeled peptide will not be successful
because of the particle range of the Auger electrons, which is only
about one czll diameter. Because **Y-DTPA is unstable, introduction
of the DOTA chelator was necessary, enabling stable radjolabeling
with %Y and ',

We investigated receptor binding, internalization and biodistribu-
lion characteristics of several S5 analogues, all labeled with
"In: {DTPA®)-cctreotide, {DTPAS Ty loctreotide, [DTPA%.D-
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Tyr'Jocteotide, [DOTA®Tyrlocueotide, and  [DTPA® Tyr’)-
octreotate, Phe residues were replaced with Tyr to increase the hy-
drophilicity of the peptides. Futhermore, [DTPA®, Tyr*]ocireotate,
with the C-terminal threonine, was synthesized to investigaie the
effects of an additional negative charge on clearance and cellular
uptake.

For the success of radicnuclide therapy, it is important that ‘the
radiopharmaceutical is internalized by the tumor cells afier binding to
the receplor. Intemalization of {'''In-DTPA Jocireotide into human
newroendocrine wmor cells was described recently (15). Here, we also
observed specific intemalization of the tested **'In-labeled peptides.
Internalized radioactivity of all radiolabeled peptides was higher than
that of ['"In-DTPA%Joctreotide, except that of ['!'In-DTPA" -
Tyr'Joctreotide,

The results of the in virro binding studies demonstrated that all
unlabeled peptides showed high and specific binding for the oci-
reotide receptors. In vive, uptake of the "'In-labeled peprides in
octrealide receplor-expressing tissues was also demonstrated 1o be
highly specific. Our findings further showed that specific uptakes of
"""In-labeled [DTPA®,Tyr Jocireatide, [DOTA®, Tyr*joctrectide, and
[DTPA% Tyrjoctreotate in ocireotide receplor-expressing  lissues
were significanily higher than that of ['''In-DTPA%)ocirectide at the

Table 4 Rodioactivity in 5§ re:cpmr—nqal:'.ve ergans and blood of rats 24 h afier
demini i beled i

of the ' in.a, PeE

Tissue radioacuivily it expressed as %10 (for each group n = 6, mean (SE)).

Tresiment Biood Liver Kidney Spleen
[DTPA jecirectide 0003 (0.000) 005(0:003) 1.91(0.11) 0.3 0.002)
IDTPA o-Tyrjoctreotide  0,00340.001) 0.03{0.001)* 1.52 (005} 0,03 (0.002)
IDTPATyr Joctreotide 0,003 (0.001) 0.06(0.004)  1.39{0,08) 0,03 (0.002)
(DTPA" Tyr'loctrenrate 0:003(0.000) G.02(0.001° 1.9640.H)  0.02 (0.001)
IDOTA% TyrYlocireotide 0,002 (0.001) D.05(0.000) 2.2 ¢0.13)° 6.04 {0.001)

* P < 0.01 versur [ 1n-DTPAocireatide.
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time points tested. Uptake of ['''In-DTPA®D-Tyr'Joctreotide was
significantly lower, in accordance with the lower intemnalization rate
found in viro. I owr in vive animal model, [*''In-
DTPA® Tyr’jocircotate showed the highest uptake in the cctreotide
receptor-pasitive organs and tumor of the ''fn-labeled peptides
tested, also in accordance with the in vitro internalization studies,
Because blood radicactivity was comparable for all radiolabeled pep-
tides, we also found that {'*'In-DTPA® Tyr*)octreotate had the high-
est wmor-to-blood ratie. Uptake of [DTPA®Tyr'Joctreotide was
higher than that of [DOTA®, Tyr Joctreotide, bath in vitre and in vive,
in the octreotide receptor-positive organs; however, uptake in the
targel, the tumor, was not significantly different for these two radio-
tabeted pepiides; therefore, the therapeutic index of [Tyr’]octreotide
has not begn impaired significantly by the replacemeat of DTPA for
DOTA. necessary for Y studies (11). We are currently investigating
the relationship of the injected peptide mass and uptake in targel

organs for these two peplides to further elucidale the consequences of '

the DTPA-10-DOTA replacement.

At radiotherapeutic Jevels, the high uptake of radioactivity in the
octreotide receptor-positive normal organs, such as adrenals and pi-
tuitary, should alse be considered. We are performing radionuclide
therapy studies in normal rats with [DOTA®, Tyr*octreotide radiola-
beled with different radionuclides 10 investigate possible radiotoxic
effects on normal organs. However, until now, no radiotoxicily was
found in thesc organs.

The '""In-labeled peptides are rapidly cleared from the body,
mostly by the kidneys. However, a significant amount of the dose
accumulated in the kidneys, reducing both the scintigraphic sensitivity
for detection of small tumors in the perirenal region in the abdumen
and the application for radionuclide therapy. It has been reported that
venal accumulation of peptides or proteins labeled with radiometals
can be reduced by both L- and v-lysine (16-(9). Recently, we de-
seribed that p-lysing administration resulted in a significant reduction
of  labeled [DTPA%joctreotide, [DTPA®Tyrloctreotide,  and
[DOTA®, Tyr*Joctrestide uptake in the kidneys withowt affecting up-
take in receptor-positive tissues, which is favorable for both visval-
ization of lesions in the kidney region and for radionuclide therapy,
thus bringing these applications further within reach (10).

Tt can be concluded that ' 'In-labeled [DTPA®, Tyr'lacireotide and,
especially, [DTPA®, Tyr*|octreotate and their DOTA-coupled counter-
parts are most promising for scintigrephy and, after coupling to
therapeutic radionuclides, for radionuclide therapy of octreotide re-
ceplor-positive umors in humans.
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Abstract

A number of radiolabeled somatostatin analogs have been evaluated in animal tumor models for radiotherapeutic efficacy. The majority
of the agents tested have used either high-energy beta-emitters, such as Y-90 or Re-188, or the Auger cleciron-cmitting radionuelide, In-111.
Because a medium-cnergy bhefa-emitter might have cquivalent efficacy compared to high-energy emitters, and lower toxicity to nen-target
tissues, we have ovaluated the therapeutic potential of the beta-emiting nuclide, Sm-153, chelated to the sonmntostatin analog, CMDTPA-
Tyr'-actreotate. Using an in vitro binding assay, this octreotate derivative was shown to have high affinity for the somatostatin subtype-2
receptor (ICsg = 2.7 nM). Biodistribution studics in CA20048 tumor-bearing Lewis rats demonstrate that the $m-153 labeled compound
has high uptake and retention in tumor tissue (1.7% injected dose/g tissue, 4 brs post injection) and has rapid overall elearance properties
from non-target tissue, Radiotherapy studies were carried out using '**Sm.CMDTPA-Tyr*-ottreotate and CA20948 humor bearing Lewis
rats at 7 days post implant. Dose regimens consisting of single and multiple i.v. injections of 5.0 mCi/rat (185 MBq) were employed over
a time span of 7 days. Suppression of tumor growth rate was observed in all treated animals compared to untreated controls, Greater
inhibition of tumor growth was observed in animals that received multiple doses. These studies indicate that medium-energy beta-cmitting
isotopes have considerable potential for the trentment of somatostatin receptor-posilive tumors. £ 2001 Elsevier Seience Inc. All rights
Teserved, : :

Keywords: Octreotnls; Octreotide; Snmarium; Sematostating Peptides; Radiotherapy

1. Introduction OctreoScan™ (' 'In-DTPA-octreotide) is a specific example

of a peptide-based imaging agent. The development of this

The use of poptides as a means of targeting radionuclides diagnostic agent for use as a targeted radiotherapeutic has

ta specific tissues has recently become more promising in been reported [8,16,17,19,33]. Various octreotide deriva-
both diagnostic and therapeutic applications. The wider use tives mdiolabeled with isotopes, including Y-90, and Re-
and accepiance of small peptide-based molecules has re- 188, have been reported to inhibit tumor growth in animals
sulted from the ability to design compounds that have {16,33,38,39]. While high-energy (>1-2 MeV) beta-emit-
favorable biological characteristics, such as rapid blood ters ave been used in these studies, there may be advan-
clearance, low toxicity, high uptake into tumer tissue, and tages to using lower energy betz-emitting radionucfides (<1

low immunogenicity [3.30.37.38). The clinical use of Me¥). A low-energy particke should still be sufficient to kill
V. . BY I e
: : targeted (and nearby) tumot cells but would be less dam-
o oo aging to non-target tissves. In this study, the radionuelide
sAN abstract containing a portion of thi work presented in this paper . . 153 : sed to test this .
was peesented at the SNM meeting in Los Angeles, June £999: LE. Bugaj, samariur- i was u .L . st Ihis prcnlu_se. o
LL. Erien, M.A. Schmidt, R.R. Withelm, S.1. Achilefu, AJ. Srinivasan,  The pqt_entml application of Sm-153 in peptide-targeted
1. Nucl. Med. (40] £1990) 223, ‘radiotherapy is indicated by its successfil use in both bone
* Correspending author. Tel: -+ 1-313654-734; fix: +1-314-654- palliation [4,13,22,24] and in radiation synovectomy [11,
8900. 20,22,23]. Sm-153 (T, = 46,3 hr) is a medium-cnergy
E-mafl; jebugaj@nke.com (LE, Bugaj). e 12 Y e AG £
Abbreviations:  ACN, acetonitrile; TFA. tritluoroacetic  acid; beta-emitter (0'8_08 MeV, 17.5%, 0'7(.)5 .MB\” 49.‘6%’ 0.635
CMDTPA, carboxymethyldictilonetriaminepentancetic fcid: ssty, soma- MeV, 32.2%) with a 30% abundance gamma emission (103
tostatin sublype-2 cecoptor keV) that is suilable for use in scintigraphy [23]. In addition
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to the desirable emission properties of Sm-153, this lan-
thanide also readily forms complexes with DTPA-type che-
Tafes that can be conjugated to smalf peptide bused mole-
cules [32].

In previous work [21], it was demonstrated that even
small variations in the structure of a DTPA-type ligand
could have significant effects on the biodistribution proper-
ties of a Sm-153 Tabeled somatostatin peptide derivative. In
other studies, we have shown that a substitution of the
cirboxy-terminal threoninol in octreotide with the natural
amino acid threonine to generate a derivative termed, oct-
reotate, substantiatly enhances the uptake and retention of a
radiolabeled derivative in somatostatin receptor-expressing,
tumors [17,21}. In this study, we evaluated the therapeuotic
potential of one of these optimized derivatives, '*Sm-
CMDTPA-Tyr-octreotate (Fig. 1), in a rat tumor model.

2. Materlals and methods
2.1. Preparation of somatostatin analogs

Solid phase peptide synthesis of CMDTPA-Tyr*-oct-
reotate and other actreotate derivatives was carried out with
an Applied Biosystems 432A Syaergy peptide synthesizer
(Foster City, CA) employing Fmoc (9-fuorenyimethoxy-
carbouyl) strategy, utilizing 25 pmol of Fmoc-Thr(OtBu)
Wang resin and 75 pmol of subsequent Finoc-protected
arnino acids. Activation’ was accomplished using N-hy-
droxy-benzotriazole (HOBY) and 2-(1 H-benzolriazole-1-y1)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU).
Penta-f-butyl carboxymethy! DTPA (protected CMDTPA)
or tri-f-butyl DTPA was incorporated at the N-terminus in
the same manner. Penta-t-butyl CMDTPA was prepared by
@ modification of a procedure described by Williams and
Rappaport [35). These anthors carried out the bis N-alkyla-
tion of p-nitrophenylalatine benzyl ester with di-r-butyl
[N-(bromoethylJamine]diacetate using a phosphate bufferf
acetonitrile reiction medium. This phenylalanine derivative
was substituted here with L-aspartic acid B-benzyl, «-i-
butyl ester. The benzyl ester of the resulting product was
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then cleaved via hydrogenolysis in methanol using 10%
Pd/C as the catalyst to generate penta-f-butyl CMDTPA.
Tri--butyl DTPA was prepared according to our previously
published procedure {31]. Upon completion of the linear
peptide, disulfide cyclization was performed manually by
suspension of the resin-bound peptide in DMF (2 mL)
containing 75 pmel thalliumI11) teifluoroacetate (3 br fe-
action at room temperature). Afler washing the resin with
DMF and THF, the peptide was cleaved from the resin and
deprotected with 85% frifluoroacctic acid/5% thioani-
sole/5% phenol/5% water (6 hrs). The peptide was precip-
itated with 10 mL t-butyl methyl ether and centrifuged. The
peptide/resin pellet was then washed with 4 X 10 L of
t-butyl methyl cther. Acetonifrile/water (2:3) was finally
added to dissolve the peptide, and the mixture was filtered
to remove the resin, Crude peptide solutions were Iyophi-
lized prior to purification by HPLC. Final purification was
accomplished by reverse phase HPLC on a Vydac Ci8
column using an acetonitrile/water gradient containing
0.1% TFA. Molecular weights were detennined by muss
spectrometry operating in the electrospray ionization modle,

2.2, Radlochemistry

1538mCl, in 0.05N LICI was obtained from MURR (Co-
lumbia, MO) at a specific activily of ~700 Cl/mmol (25.9
TBg/mmol). Radiolabeling was carried out in 25 mM
NaOAc, 12.5 mM sodium ascorbate (pH 5.0, roomt temper-
ature). Small-scale reactions {10 mCi) were carried oul by
addition of 25 pL. of "*SmCI, (400 mCim] in 0.05 N HCl)
to 50 pL buffer (50 mM NaOAc, 25 mM sodium ascorbate)
and 25 pl. CMDTPA-Tyr-octreotate (1.) molar excess
peptide: Sm, 30 to 45 ug peptide in water)y, Reactions were
incubated at room temperature for 30 min. For larger scale
reactions (50 mCi), proportions identical to the small-scale
reaction were used. The specific activity of radiolabeled
peptide ranged from 300 to 500 Cifmmol (11.1-18.5 TBy/
mmol). For in vivo studies, '**Sm-CMDTPA-Tyr*-ccl-
reotate was diluted to 10 mCi/nl (370 MBg/ml) in phosphate-
buffered saline containing 5% cthanol. Radiochemical yield
(typically >98%) and purity (>95%) were determined by
reverse phase HPLC on a Nova-Pak C18 column, 3.9 X 150
mm (Waters, MA), using a {3-min linear gradient of 0 to
70% solvent B at 1 mi/min (solvent A, 5% ACN/25 mM
triethylamine pH 6.0; solvent B, 90% ACN/25 mM uicth-
ylamine, pH 6.0). The '**Sm radiclabeled pcptld\.. eluted.
with a retention time of 13.2 min. '

2.3. Receptor binding assays

Receptor binding assays were performed using mem-
branes prepared from CA20948 tumors harvested from im-
planted Lewis rats [3]. Assays were carried out using the
Millipore Multiscreen system (Bedford, MA) with ‘"In-
DTPA-Tyr'-octreotate  as * the trace and  unlabeled
CMDTPA-Tyr octreatate or other peptide derivatives as




.the cold competitor. Radiolabeling of DTPA-Tyr*-oct-
reotate was performed by combining 1.0 ug peptide (1.0
mg/mI) with 1.0 mCi of '!'InCl, {100 mCi/mé, Mallinckrodt
Inc., St. Louis) and 10 L buffer (50 mM NaQAc, 25 mM
sodium ascorbate). After incubation at rootn temperature for
15 minutes, the peptide radiochemical yield (>%9%) and
purity (>95%) were determined by reverse phase HPLC.
ICgq values were calculated using a four-parameter curve
fitting routine using the program GraFit (Erithacus Soft-
ware, UK).

2.4, Animal fwmor model

All animal studies were conducted in compliance with
the Mallinckrodt Inc. Animal Welfare Committee require-
ments, Male Lewis rats (120-140 g} were purchased from
Harlan (Indianapolis, IN). The somatostatin subtype-2 (sst,)
receptor positive pancreatic acinar tumor line, CA20948,
was maintained by serial passage in Lewis rats [3,27,28].
Tumor tissue was implanted into the left flank of the animal,
and after approximately 2 weeks, tumor volumes were ad-
cquate for use in biodistribution studies. For therapy studies,
tumor-implanted animal were used at 7 days post implant, at
which time, tumors were palpable.

2.5. Tissue biodistribution studies

Biodistribution sludies were carricd out using male
Lewis rats bearing CA20948 tumors (20-days post implant).
Ancsihetized (Mctofane) animals reccived 25 pd (25 uGi
[0.925 MBq]) of radialabeled compound via the jugular
vein. The animals were sacrificed in three groups (n = 3) at
1, 4, and 24 hours post injection by cervical dislocation. The
tissues and organs of interest were removed, weighed, and
radioactivity measured in 2 Packard Cobra gamma-scintil-
lation counter.

2.0. Radiotherapy studies

CA20048 tumor tissue was implanted into the left flank
of Lewis rats as described above, At 7-days post implant,
animals were randomly divided into three study groups. The
presence of a tutnor was confirmed in all animals by pal-
pation of the animal’s left flank. For each treatment group a
set of negative control tumor-implanted animals (n
0/group) was maintained. Negative control animals received
no treatinent. and the three treated groups receiving '*Sm-
CMDTPA-Tyr-octreotate were as follows: ( 1) single i.v,
dose of 5.0-mCi (185 MBq), (2) three doses of 5.0 mCi each
with 7-day intervals between doses, (3) five doscs of 5.0
mCi each with 7-day intervals between doses, Tumer vai-
ume measurements were performed on a weekly basis and
colculated using the formula for an ellipsoid (v
a6 f-wh]).

Dosimetry calculations arc based on the residence times
of the radiolabeled peptide in organs and tumor tissue de-
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tc'rmin.é(.l fr.ofn. bi(:)cl.is'tribut'ion' data, and :the'per'cén't dose’

‘Uptake per gram tissue. MIRD s-vafues were caleudated

assuming spherical geometry using energy tables from the
Lawrence Berkeley National Laboratory database [10]. Tu-
mor and organ doses correspond 1o self-absorbed dose only
and do not include contributions from other organs.
Gamma seintigraphy was performed using a Picker 300
SX gamma camera interfaced to a dedicated Odyssey Im-

_aging Processor. The gamma images of the rats injected

with Sm-153 were obfained with a large field of view

‘camera fitted with a general-purposc low-energy collimator

for 100 K counts with the peak energy centered at 103 keV,
The same conditions were used for obtaining In-111 images
with the exception that the collimator wis a medium-energy
collimator, and the peak energies were centered at 171 and
245 keV. When used in this latter configuration, the gamma-
camera does not detect Sni-153 gamima emissions. All rats
were imaged in the prone position.

3. Results
3.1, In vitro assays

The CA20948 prancreatic acinar tumor line cxpresses
high Tevels of the ssty receptor [3,17,28,33]. We have uscd
membrane preparations from this tumor line in'an in vifro
assay to screen a number of somatostatin analogs with
chemical modifications made in both the peptide and chelate
segment of the molecule. Fig. 2 shows the data for several
compounds analyzed using this assay. The estimated ICgg
for CMDTPA-Tyr' -octreotate was found fo be essentiafly
the same as that determined for DTPA-cctreotide (2.8 and
2.5 nM, respectively). This compound was therefore se-
lected as a promising candidate for further testing because
of ils high binding affinity and improved samarium chelat-

ing properties [21]. i

3.2. Tissue blodistribution .s'fmj!y

The tissue biodistribution properties of Sm-
CMDTPA-Tyr*-oetreatate were studied in CA20948 tumor-
bearing Lewis rats (Table 1, Fig, 3). At 1, 4, and 24 h post
injection (p.i) of the compound the amount of radioactivity

hat accumulated in the tumor tissue was 145, 1.73, and

0.74% of the injecied dose per gram (%61D/g). Significant
uptake was also observed in the pancreas and adrenal
glands, both sst, receptor positive tissies. Pancreas uptake
was 3.43, 3.02, and 1.74 %ID/g, and the adrenal tissue was
0.18, 0.17, and 0.1 5% of the injected dose per whole organ
(%lD/o) at 1, 4, and 24 h p.i., respectively. Non-samatosta-
tin riceptor expressing tissues including the Fver, muscle,
spleen, and heart exhibited low accumulation of the radio-

tracer. The kidneys were the only non-receptor positive
tissuc in which high uptake was observed (3.34, 3.03 and

2.51% 1Digram; 1, 4, 24 h respectively). Scintigraphs at all
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- Fig. 2. Graph of competition binding of *"'UIn-DIPA-Tyr*-oviteolale to
CA20948 fumor membranes jn the presance of increasing coneentration of
unlabeled sematostatin analogs: @, DTPA-Tyr*occtreotate; O, DTPA-acl-
reotide; O, CMDTPA-Tyr-octremate; M, Ty -octreatate, The core-

- sponding caleulnted IC;, values are 1.39 1M, 2.51 nM, 2.77 aM, and 0,48
.nM, respectively. I .
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time points confirmed the strong localization of the agent in
the tumor with no significant Uptake observed in other
non-sampled tissues or organs (data not shown), At 24 h, the
predominant route of clearance was urinary (75.2%) with
only 4.5% of the radioactivity recovered in the feces. The
rapid distribution and excretion of this agent resulted in high
fargel to non-target tissue ratios, except as noted for the
kidneys. The tumor to tissue ratios calcufated froin %ID/g
values at 24 h p.i. were 737 for blood, 369 for muscle, 9 for
liver, and 0.3 for kidneys.

Table t . .

3.3, Radivtherapy -

Preliminary studies were carried out to assess the dose

levels required for *Sm-CMIYTPA-Tyr*-octreotate to af-

fect the growth rate of CA20948 tumors in Lewis rats. It
was found that relatively small doses (0.5 mCifanimal}
measurably reduced the growth rate of tumors, but that
higher doses (3.0-5.0 mCi) were necessary to either de-
erease tumor volumes or significantty delay tumor regrowth
(data not shown). To further determine the therapeutic po-
tential of this agent, three separate dosing regimens were
tested using a 5.0 mCi dose with one, three, and five treat-
ments. Treatments were spaced 7 days apart because the
biological clearance of the agent was essentially complete
by this time. The effect of repeat doses on the biodistribu-
tion of the radiolabeled peptide was not determined. How-
¢ver, an evaluation of the mass effects of peptide (6 ng to
250 wg) on the biodistribution of '''In-DTPA-Tyr*-act-
reofate (data not shown) indicates that the amount of peptide
used in each treatment (—~15 pg) was insufficient to block
the uptake of a subsequent dose by more than 30% of levels
found in a normal biodistribution study [17]. Similar results
have been demonstrated by others [7,18] with DTPA-oct-
reotide. Our data also show that when tumors re-cimerged
they continued to express high levels of the somatostatin
receptor (Fig. 5B and C). Additienally, as determined from
the aferementioned mass effects study, it was not feasible to
compare the effect of a single cumulative dosc with the
imuitiple dose regimens because the level of peptide re-
quired for 15 and 25 mCi doses at 500 Ci/mmol (40 to 70
pg) would significantly attenuate the uptake of radiolabet
into tumeor tissue. An untreated control group of tumor-
implanted animals (m = 6) was maintained for each treat-
ment group {o limit uncertaintics arising from possible vari-
ability in tumor growth rates or in somatostatin receptor
expression following serial passages of tumor tissue.

Fig. 4 shows the results of the single and mulliple dosc
administration of '3Sm-CMDTPA-Tyr*-octreotate in tu-
mor-bearing Lewis rats, In all three studies, untreated tu-

Biodistribstion of ‘"’Sﬁi-CMDTPA-Tyr’-lxlrebtule in CA20948 tumor-bearing Lowis rats (%4l Dsgram tissue, n = 3)

Time post infection

Tissue sample

§ Hour 4 Hours 24 Hours

Blood 0.083 = 0.0 0.006 = 0.001 0.008 = 0000
Liver 0.072 2 0.008 0.079 % 0.011 © 0484 = 0,007
Kidneys - 3.344 = 0.454 303 20012 2510 £ 0,190
Skeleial Muscle =~ ... 0. 0.012 % 0.002 0.004 £0000 . 0.002 + 0.001
Spleen - 0 o 0.042 = 0.004 . 0.036 = 0013 0030 = 0.004
Heant o 0,044 = 0.004 0.011 = 0.001 0,007 + 0D0.0
Pancreas. - 3425 0264 3.023 + 0.082 1736 £ 0.110
Small Int 0307 2 0077 0395+ 0,132 D125 0011
Stomach 0.275 '0.047 0.392 & 0.044 10T £ 0,011
Bone 0.138 £ 0012 0120 £ 0010 0.134 = 0,005
Tumol

1453  0.371

L7262 0332 4737 £ 0,053
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Tablo 2

Biadistribution and exwetmn of 38m-CMDTPA-TyP-oclreotate in CA20048 1umor-hoarmg Lowis rats (%ID/total u:suu, n= k)]

Time post injection

24 Hours

Tissue sample 1 Hour 4 Hours

Blood 1.018 £ 0.130 0.071 = 0.009 0.017 £ 0.004
Liver 0.683 + 0.071 0.734 = 0.076 0.954 + 0.084
Kidoeys 6.5335 x 0.523 5.852 £ 0.244 5214 £ 0.225
Skeletl Muscle 1.986 + 0.224 0400 = 0019 0.324 * 0.060
Spleen C0.025 = 0.002 D020 & 0005 0L0HG & 0002
Heart - 0.035 £ 0.003 0.009 2= 0.001 0.006 £ 0.001
Pancraas 3.620 + 0.106 2742 = 0.178 " 1584 + 0.022
Stomach 1085 = 0.029 0.964 20,148 0.543 2 0.057
Baone 1937 £ 0.177 - 1790 £ 0.074 1944 + 0114
Adrenals 0.180 £ 0.003 4.167 = 0.002 0.145 + 0.009
Thyraid 0.004 £ 0.001 0,003 + 0,001 0001 £ 0006
Tumor 3.208 £ 1.627 6,177 + 2,620 1921 20435
Total Uring T5.217 + 4,983
Total Feces 4512 * 0655

Total Excreted
Total Recavered

70.728 = 5.054
02208 * 4,40t

mor-bearing rats showed similar tumor growth rates. The
majority of contro! animals were sacrificed at approximately
35 days p.i. due to the state of tumor progression. A signif-
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Fig. 3. The biodistribulicn of ‘”5n1-(‘.MD'.1’PA-TyP-och\:otalc in
CA20948 wmar-bearing Lewis rats. Animals were injected wilh 25 pCi of
radiolabeled paplide {n = 3 por time' point) and secrificed at 1, 4, and 24
hours post injection, See text Tar delails.
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jeant delay in tumor growth occurred in both single and
multiple treatment proups. This suppression of tumor
growth is seen in Fig. 5A, which shows comparative scin-

tigraphs (50 uCi '"'in-DTPA-Tyr-octreotate/rat) of un-

treated (—) and freated animals (+, 3 X 5 mnCi dose of
'B35m.CMDTPA-Tyr-octreotate), 2 days after the final
treatment dose (30 days post tumor implant), The biodistri-
bution pattern of the '''In-DTPA-Tyr*-octreotate is also
seen by scintigraphy to be very similar to '*Sm-CMDTPA-

- Tyrtoclreotate (Fig. 5D). Measured tmor volumes (Fig, 4)

T 17 7T]
T
%‘30_ T 7517
e B ,.
- o
E 1op R R
o a
2 ol f ity
>30— T T=T 1
s ° =
xr g
1 o o
‘oL P S P
0 20 40 0 80 100 20
Days Post !mp}ant ' :

Fig. 4. Tumor volumes Fol]nwmg 1538 m-T: yr‘-nclmotale radlnlhumpv of
CA20948 wnor-bearing rats, Panels: A, single dose of 5.0 mCi; B, 3 doses
of 5.0 mCi nt seven day intervals: C, 5 doses of 5.0 mCi at seven doy

_ intervals. Carets on fime axis indicats dose adminisiration, Symbals: O,

Tumor-implanted unteeated controls; @, Tumor-implanted rats with indi-
caled trealments. Caleuluted mean survival of untreated control animals
was: A, 31 days = 0: B, 40 days = 7, ¢, 32 days = #:and treated alum’als
was: A, 54 duys = 10; B, 101 days = 22; €, 101 days = ©.



Fig. 5. Gumma-scimtipraphy of treated or untreated CA20948 wmor-im-
plunted Lewis rals. A, scintigraphs of rats treated with 3 X 5 mCi (+) of
HEm-CMDTPA-Tyr-octreotzie and the corresponding control group ()
wero fmaged af 30 doys post wmer implant Symbols on seintigraphs
indicale position of (T) tumer, (K) kidney, and (8) bladder. 13, scintigmphs
of 3 of 5 surviving rats trented with a single $ mCi dose of "8m-
CMDTPA-Tyracleeotate at 37 days post treatment. €, scintigraphs of 3 of
6 surviving rats treated with 5 X 3 mCi doses of ***Sm-CMDTPA-Tyr'-
oclreotate at 78 days post fumor implant, A, B, C, Animals were injected
with 50 gCi of **a-D1PA-Fyr'-octreotute and imaged ot 3 hours post
injection. £}, scintigraph of tumor bearing Lewis rat (3 wks post implant)
a3 hes post injection of 250 kCi B mCMDTPA-Tve-octreotate.

were consistent with the observed tumor uptake of **!In-
DTPA-Tyr-octreofate sugecsting uptake was not compro-
mised by reeeptor saturation from previous doses. Mulliple
treatments improved efficacy over a single 5 mCi dosc; at
95 days post tumor implant there were 350% surviving rats
treated with 3 X § mCi and 100% surviving rats treated with
5 X 5 mCi. Tumor regrowth was, however, observed in all
treated animals with no animal surviving more than 125
days post tumer implant (Fig. 4). In all cases, the tumors
that eventually developed in animals treated with either
single or multiple doses stil] expressed high levels of the
sst, receptor as shown in scintigraphs of animals imaged
with '"In-DTPA-Tyr'octreotate (Fig. 5B and C). Dosiiie-
iry estimates for fhe fumor and organs with significant
uptake were calculated using the percent uplake and resi-
‘dence times determined from the biodistribution data. For a
single 5 mCi treatment, doses to the tumor, Kidney and
pancreas are caleulated 1o be 8.7 Gy, 29.5 Gy, and 18.7 Gy
respectively. o IR

4. Discuésluh )
The studies presented hiere demonstrate the radiothera-
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nuclide, Sm-153, chelated to the somatostatin analog
CMD'TPA-Tyr-octreofate. This agent’s high affinity for the
somatostalin sst, receptor and its fong-term retention in
twmor tissue are properties that are required for effective
radiotherapy. The biodistribution data of '3*Sm-CMDTPA-
Ty -octreotate in CA20948 tumor-bearing Lewis rats
showed that this compound has high uptake and retention in
umor tissue expressing the sst, receptor. The tumor uptake
is greater than that observed for "' In-DTPA-octreotide [16,
17], and is similer to that reported for ?Y-DOTA-Tyr*-
octreolide [16]. Higher tumor uptake has been reported for
" n-DTPA-Tyr -octreatate [17], but we found the corre-
sponding ***Sm-DTPA complex to be somewhat less stabie
in viva than the **Sm-CMDTPA complex. The tumor up-
take of the DTPA- or CMDTA-Tyr’-octreotate compounds
radiolabeled with Stn-153 was not significantly different
(data not shown). There was low uptake/retention of 5Sm-
CMDTPA-Tyr -actreolate in most nou-target tissues with
only the observed kidney uptake representing a fimiting
factor to dose escalation {1]. [t has been demonstrated,
however, that a significant reduction of the kidney retention
of other similar somatostatin metal-chelate analopues can be
achieved by the use of amino acid Lv. infusion {5,17). The
pancreds is an ssip receplor positive organ in which poten-
tially undesirable uplake was observed. Additional studies
are necessary to determine whether the high pancreatic
uptake observed in rafs will also be found in humans.
Resuits with other octreotate derivatives in primates, where
no apparent pancreas uptake is observed in scintigraphs,
suggest that this will not be the case [25]. Morcover, all
animals from the high multiple dose treatment proup were
examined at death and no visual signs of tissue pathology
were noted in Kidneys or panereas. Other overt parameters
such as weight gain and grooming behavier during the
course of the study were also normal in these animals. In
addition lo the overall favorable biodistribution properties
of 1338 m-CMDT PA-Tyr*-octreotate, the compound also has
excellent clearance properties with almost 80% of the in-
jected dose excreted within 24 hours, predominately via the
renal systen).

The radiotherapeutic efficacy of 'Sm-CMDTPA-Tyr-
octreotate is demonstrated here by our finding that evea a
single 5 mCi dose per animal was sufficient fo attenuate
tumor growth as compared to untreated controls. More
pronounced suppression of tumor regrowth was observed

- when muitiple dose rephinens were administered. With three

or five doses of 5 mCi at one-week intervals, we observed
a mean survival of 161 days post tumor implant s com-
pared to <40 days for untreatcd controls. In all cases,
however, treated rats ultimately succumbed to regrowth of
latent tumor cells. Despite this, the therapeutic effect was
sigmificant and similar or superior to resulls achieved by
workers using other radiolabeled somatostatin analogs. For
example, Anderson et al. [3] reported the therapeutic effect
of ®Cu-TETA-octreotide in the same tumor model em-
ployed here. In their studies, treatment of tumer-bearing rats




with one or two, 15 mCi doses of radiolabeled peptide nlso
resulted in delayed tumor growth; however, at two weeks
post treatment, tumor volumes in treated animals were com-
parable to untreated controls [3]. De Jong ef a/. reporied a
transient fumor response in rats (CA20948 wmors) follow-
ing treatment with 2 X 3 mCi of **Y-DOTA-Tyr’-oct-
reotide with tats surviving 65 days on average post treat-
ment [19]. Using the latter agent in the same animal tumor
model, Stolz ¢f al. reported complete remission in 5 of 7
animals with a singlc freatment of 2.5 mCi per animat [33].
These data indicate that identical tumor models can behave
differently when maintained in separate laboratories. The
variables that alter tumor radiosensitivity, such as volume
and growth rate, which may account for the discrepancies.
have not yet been evaluated.

5. Conclusion

The recent search for the ideal radionuclide for targetcd
radiotherapy using somatostatin analogs has resulted in the
evaluation of Y-90, Cu-64, In-111, Re-188, [-131, and now
Sm-133 [2,3,17,19,33,38,39]. The bela emission encrgy of
Sm-153 is similar to that of 1-131, an extensively used
therapeutic radionuclide. Sm-153 also emits a partial low-
energy gamma emission (30%, 103 keV), which allows for
seintigraphic imaging. useful in staging radionuclide ther-
apy and performing dosimetric calculations, A low or me-
clivm-energy beta emission as compared to the high-energy
emissions of Y-90 or Re-188, for example, is expected to be
less toxic to critical non-target organs. Additionally, peptide
degradation due te radiolysis is easier to prevent in com-
pounds radiolabeled with Sm-153 than with high-cnergy
beta-emitters. Though there are advantages to using Sm-
153, the relatively low specific activity (~700 Ci/mmol)
resitlts in some limitations, especially if an agonist-targeting
agent is used, which may have negative physiological cf-
fects at high concentrations., Additional studies are neces-
sary to determine whether these imitations can be over-
come, or whether they can be circurnvented using other low
to medium-cnergy beta-emitting radionuctides,
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CHAPTER 4A

LONG TERM SURVIVAL OF TUMOR-IMPLANTED LEWIS RATS

177

TREATED WITH " 'LU-DOTA-Y>-OCTREOTATE
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ABSTRACT

Biodistribution and clearance properties of "’Lu-DOTA-Y*-Octreotate and ""Lu-
DOTA-Y>-Octreotide were evaluated in CA20948 tumor implanted Lewis rats. The
Octreotate derivative was shown to have substantially higher uptake in somatostatin
receptor expressing tissue than the Octreotide counterpart (tumor uptake of
Octreotate compound was 2.5%id/gram tissue vs. 0.81%id/gram for the Octreotide
compound at 24 hours post injection). Overall clearance and excretion of the fwo
compounds was similar, but uptake and retention in non-target tissue differed in that
the kidney/tumor ratios for the Octreotide based radiopharmaceutical ranged from 1.7
to 2.5 at 1, 4 and 24 hour time points, whereas, the ratios for the Octrectate based

corﬁpound were only 03 to 05 for the same time points evaluated.

Because of the improved biological properties compared to Octreotide, the
radiotherapeutic efficacy of Lu-177 labeled DOTA-Y3-Octreotate, a somatostatin
receptor-targeted peptide, was tested in a CA20948 Lewis rat tumor model. The
long-term survival of freated animals was further studied to determine the efficacy of
this therapeutic agent, and to assess the potential negative effects of relatively high
doses of Lu-177. Tumor-bearing Lewis rats were treated with one or three doses
(37, 92.5, or 185 MBq per dose) of DOTA-(Tyr®)-Octreotate radiolabeled with Lu-177
to a specific activity of ~44 TBg/mmol. Tumor regression was observed in all
treatment groups. Complete tumor ablation and long-term survival occurred only in
animals that received 92.5 or 185 MBq of Lu-177 radiolabeled compound. The
highest percentage of survivors occurred in the treatment groups that received
multiple doses. Fifty percent of the rats {n=8) treated with 3 x 92.5 MBq survived
more than 18 months post tumor implant. Rats treated with three doses of 185 MBq
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showed the highest percentage of survivors (100%, n=8) at 12 months post tumor
implant, but began to show signs of morbidity (weight loss, poor grooming) at 12 to
15 months post implant. Within a 4-month time span all animals in this treatment
group died. These animals showed evidence of renal disease as determined by post
mortem examination. These long-term survival studieés further underscore the
therapeutic potential of ""Lu-DOTA-Y’-Octreotate for treatment of somatostatin
receptor-positive tumors. However, issues of renal toxicity may require closer
examination in order to design appropriate treatment regimens that reduce radiation

exposure to the kidney.

Introduction

Recent studies have demonstrated the potential radiotherapeutic efficacy of various
high-energy beta-emitting radionuclides complexed with somatostatin analogs,
which are targeted to tumors that over-express somatostatin subtype-2 (ssty)
receptors (1-3).

" n-DOTA-Y>-Octreotate was shown fo have superior uptake and

Additionally,
retention in receptor positive tumors compared to a number of other somatostatin
analogs (6-9). Our studies using either samarium-153 or lutetium-177 labeled DTPA
derivatives of Y’-Octreotate have shown that relatively low energy & emitting

isotopes have a significant radiotherapeutic effect on rats implanted with the sst,

receptor positive tumor line CA20948 (4).

The radionuclide lutetium-177 has improved properties over samarium-153; most
notable are a medium energy beta emission (78% 497 keV), a relatively long haif-life

(6.7 days}, and the potential for high radio-specific activity (>3000 Ci/mmol). Lu-177
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also has a low abundance gamma emission (11%, 208 keV), which allows
scintigraphic imaging and provides a convenient tracer emission for quantitation in
biodistribution studies and dosimetry determinations. As a reactor product produced
from Lu-178, Lu-177 presents a number of additional advantages in cost, scalability,

and availability over radionuclides produced by other means.

in an ongoing study "L u-DOTA-Y*-Octreotate {Fig. 1) has been shown to be a
highly effective SS derivative for use as a radiotherapeutic agent (5). The long-term

fate of animals treated with single and multiple doses of this agent are presented

here.
HOOC—\ / \ /-—CO-DPhe—CTs-Tyr-DTrp-Lys-Thr—CTs-Thr-OH
N N
E j s s
N N
Hooc—" \__/ —cooH
Figure 1: Structure of DOTA-Tyr*-octreotate
Methods

Peptides and Radiochemistry

The DOTA conjugate of Y®-Octreotate was synthesized as previously described (8)
Lutetium-177 was obtained from MURR, Columbia, MO (specific activity >3000
Cif/mmol). Labeling reactions were performed at 80°C in 30 mM NaQAc, 15 mM

NaAscorbate, pH 5.5. Peptides were labeled to a radiospecific activity of
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1200 Cifmmol. Radiochemical yield (>99.5%) and radiochemical purity (>95%) were
determined by reverse phase chromatography on a C18 Vydac column using a
acetonitrile/0.1% TFA gradient (6% to 70% acetonitrile over 20 minutes) at a flow rate
of 1 mi/fmin. Samples were coinjected in 2.5 mM DTPA to chelate unincorporated
metal. The Lu-177 radiolabeled peptide has a retention time of 14.8 minutes under

these conditions. The Lu-177-DTPA complex elutes at 3.0 minutes.

Receptor Binding Assays

Receptor binding assays were performed using membranes prepared from CA20948
tumors harvested from implanted Lewis rats {3). Assays were carried out using the
Millipore Multiscreen system (Bedford, MA) with '"'In-DTPA-Tyr*-octreotide as the
trace and unlabeled DOTA-Tyr’-octreotate or other peptide derivatives as the cold
competitor. 1Csp values were calculated using a four-parameter curve fitting routine

using the program GraFit (Erithacus Software, UK).

Animal Model

All animal studies were conducted in compliance with the Mallinckrodt inc. Animal
Welfare Committee requirements. Male Lewis rats {(120-140 g) were purchased from
Harlan (Indianapolis, IN). The somatostatin subtype-2 (sst;) receptor positive
pancreatic acinar tumor ling, CA20948, was maintained by serial passage in Lewis
rats (3). Tumor fissue was implanted subcutanecusly into the left flank of the
animal, and after approximately 2 weeks, tumor volumes were adeguate for use in

biodistribution and therapy studies.
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Biodistribution Studies

The overall biodistribution properties of 1

Lu-labeled DOTA linked peptides were
determined in CA20948 tumor implanted Lewis rats. Rats were injected via the
jugular vein with 250 uCi of radiolabeled peptide (1200 Ci/mmol) in phosphate
buffered saline, 5% ethanol. Groups of animals (3 per time point) were sacrificed by
cervical dislocation at indicated times. Following scintigraphy, selected tissues and

organs were removed, weighed, and radicactivity measured in a Packard Cobra

gamma-scintillation counter (Canberra).

Radiotherapy

Radiotherapy studies were initiated at 14 days post implant of the CA20948
pancreatic fumor cell line. For each treatment group a set of untreated, tumor
implanted animals was maintained (n = 6 for single dose study, n = 8 for multidose
study). Animals were injected with up to 5 mCi of "L I-DOTA-Y?-Octrectate {1200
Ci/mmol, 1Cifml} via the jugular vein. Animals received either single doses of
radiolabeled peptide, or multiple doses administered at 30-day intervals. Control
animals with tumor implants received no treatments. A blocking dose of unlabeled
peptide (1mg/kg) was administered to an additional group (n=3) to demonstrate the
receptor specificity of the radiotherapeutic effect. Tumor volume was determined by
measurement with calipers 2 to 3 time per week during treatment periods follow by
weekly measurements (or monthly for fong term survivors) post treatment. Also

recorded were the weight and overt health of the animal,

Gamma scintigraphy was performed using a Picker300 SX gamma camera
interfaced to an Odyssey imaging processor. The gamma images of the rats injected

with Lu-177 radiolabeled peptides were obtained with a large field of view camera
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fitted with a general purpose medium-energy collimator with the peak energy

centered at 208 keV. All rats were imaged in the prone position.

Results

SSm-DTPA-Y>-Octreotate (CMDTPA) and '"Lu-

Our previous evaluations of
iDTPA-Y’-Octreotate established the radiotherapeutic potential of a medium energy
B emitting radionuclide in a rat tumor model expressing somatostatin subtype-2
receptors (4) The short half-life and low specific activity of Sm-153 were found,
however, to be major limiting factors for clinical use. The availability of Lu-177

overcomes these limitations, and when used with DOTA-linked peptides eliminates

concerns regarding chelate stability.

Table 1. Table of Competitive Binding of ""In-DTPA-Tyr®-octreotate to CA20948
Tumor Membranes in the Presence of Unlabeled Somatostatin Analogues.
(ICs0 values are in nM)

Peptide 1Cgp (NM)
DTPA-Octreotide 2.5
DTPA-Tyr’-octreotate 1.4
CMDTPA-octrectate 2.8
Tyr*-octreotate 0.5
DOTA-Tyr-octrectate 4.0

in Vitro Assays

The CA20948 pancreatic acinar tumor line expresses high levels of the sst, receptor
(3). We have used membrane preparations from this tumor line in an in vitro assay
to screen a number of somatostatin analogs with chemical modifications made in
both the peptide and chelate segment of the molecule. Table | shows the data for
several compounds analyzed using this assay. The estimated ICsqy for the DOTA-
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Tyr’-octreotate and the DOTA-Tyr*-Octreotide compounds is approximately 1 nM.
A small loss of binding affinity occurs as the result of the addition of the DOTA
chelate moiety to the Tyr*-octreotide or Tyr*-octreotate peptide (ICso = 0.22 and 4.0

nM respectively).

Biodistribution Studies

The biodistribution properties of 17"'Lu-DOTA—Tyr3~oc:treotide (1, 4 and 24 hour study)
and "’ Lu-DOTA-Tyr*-octreotate (1, 4, 12, 24, 48, 72 hour study) were determined in
CA20948 tumor bearing Lewis rats (Figures 2 and 3, Tables 2-5). These data show
that the octreotate peptide has substantially greater uptake and retention in
somatostatin receptor positive tumors than the corresponding octrectide derivative.
Significantly higher uptake is also observed in the pancreas, a somatostatin receptor

Y7 u-DOTA-Y*-Octreotate in non-target tissues was

positive tissue. Retention of
reduced. Kidney retention of the octreotate derivative, for example, was
approximately 41% less than the retention of the octreotide counterpart at the 24
hour time point (1.29 versus 2.19% ID/gram tissue). Total excretion at 24 hours was
greater for the Octreotide peptide (86% vs. 73%), but most of the difference can be
accounted for by the increased uptake of octreotate in the tumor and pancreas. Total
excreted, plus pancreas and tumor retained radioactivity at 24 hours post injection
was 90% for octreotide and 84% for octreotate. Figure 3B are scintigrams of animals

injected with "7Lu-DOTA-Tyr’-octreotate at the indicated time points of the

biodistribution.
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Table 2. Biodistribution of '’Lu-DOTA-Y*-Octreotide in CA20948 Tumor
Bearing Lewis Rats
{Percent Injected Dose / gram £ SE)

Tissue 1 hour 4 hours 24 hours

Blood 0.113x0.012 0.004+0.001 0.001£0.000
Kidney 2.413£0.018 2.324+0.049 2.186+0.115
Pancreas 2.664+0.028 2.400+0.152 1.463+0.072
Tumor 1.401£0.035 1.307+0.063 0.862+0.050

Table 3. Biodistribution of '"Lu-DOTA-Y3-Octreotide in CA20948 Tumor Lewis

Bearing Rats
{Percent Injected Dose / organ & SE)

Tissue 1 hour 4 hours 24 hours

Blood 1.417£0.119 0.052+£0.014 0.013+0.001
Liver 0.893+0.042 0.697+0.052 0.551+0.024
Kidneys 5.328+0.046 5.005+0.224 4.81440.265
Muscle 2.39840.141 0.387+0.024 0.313+0.070
Pancreas 2.811+0.163 2.750+0.134 1.405+0.090
Adrenals 0.391+0.014 0.271£0.016 0.261+0.009
Stomach 0.740+0.067 0.814£0.233 0.519+0.191
Bone 1.677+0.030 1.0056+0.040 0.918+0.050
Tumor 3.488+0.486 5.824+1.659 2.844+0.332
Urine 78.62+1.721
Feces 7.217+1.689
Total Excreted 85.84+2.113
Total Recovered 97.4912.420

The clearance rates determined for kidney, pancreas, and tumor tissue all displayed
biphasic patterns. I[n all cases, a large portion of the retained radiolabel had a
clearance half-life greater than 10 days. In tumor tissue, for example, 59% of the
radiolabel cleared with a half-life of 14 hours. The remaining radioactivity cleared

with a half-life greater than 27 days.
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Figure 2: Biodistribution of "’ Lu-DOTA-Tyr*- Figure 3A: Biodistribution of " Lu-DOTA-Tyr*-
octreotide in CA20848 tumer bearing rats (n =3 octreotide in CA20948 tumor bearing rats (n=3
per time point). Animals were sacrificed at per time point). Animals were sacrificed at
indicated time points and selected tissues indicated time points and selected tissues
assayed for radioactivity. assayed for radioactivity.

In vivo blocking studies demonstrated that uptake and retention in the sst; positive
tissues of the tumor, pancreas, adrenals, bone and stomach were all blocked by 90%
or greater by with a co-injection of cold peptide (data not shown). These blocking

studies confirm the receptor mediated specificity of Octreotate for the sst; subtype.
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Figure 3B: Scintigrams from biodistribution of "’Lu-DOTA-Tyr*-octreotate
in CA20948 tumor bearing rats at indicated time points. Location of (K)
kidneys and (Tu) tumor noted by arrows.

Radiotherapy Studies: Single Dose Study

Radiotherapy studies were performed using CA20948 tumor bearing Lewis rats at 14

days post implant (average tumeor volume ~1.5 cma). In a dose range study (Fig. 4),
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rats were injected with a single dose of either 1.0, 2.5, or 5.0 mCi of "' Lu-DOTA-Y"-
Octreotate (n=6 per group). In all cases, there was a rapid decrease in tumor volume
1-3 weeks post treatment. Animals receiving a 5.0 mCi dose showed the most rapid
regression in tumor volume (Fig 4C and D). At 14 days post treatment, tumors in all
treated animals regressed to less than 5% of original tumor volume with several
animals (2.5 and 5.0 mCi doses) showing no evidence of palpable masses. Average
tumor growth in untreated animals increased over 750% of original tumor volume
over the same time span (Fig. 4A). At approximately 30 days post treatment, all
animals receiving a 1 mCi dose showed tumor regrowth (Fig. 4B). In both the 2.5
and 5 mCi dose groups, approximately 50% of the animals remained tumor free over
5 months. At eight months 50% of the 5 mCi treatment group remained tumor free
(Figs. 4C and 4D).

2000 T .
1500 Untreated Controls —
1000 |~ - Figure 4:
500 |- A 7
o EF 111451 . Radiotherapeutic effect of
1000 . single dose administration of
750 [ 10mei B ?77Lu—DOTA-Tyr3-octreqtate
E 500 i~ . in CA20948 tumor bearing
3 b h rats. A. untreated control
?‘f o L . . group, B: 1.0mCi; C: 2.5mCi;
5 000 -y T T T T T T T T D: 5.0mCi
£ 750
* c

500
250

ol b b

1000 ——1
750
500
250

RTTTETTTTTITY

¢

()

g

14
o

Wil

0 30 60 90 120 180 180 210 240 270 300
Days Post implant

Multiple Dose Study
In a second study (Fig. 5), tumor-bearing rats received multiple doses of 7 -

DOTA-Y*-Octreotate at 30-day intervals (3 doses total of 2.5 and 5 mCi/dose, n=8
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per group). Tumor regression in both groups was similar to that observed in the
single dose study above. Cumulative dosing was found to be beneficial as there was
a progressive increase in the number of tumor free animals after each treatment. In
the 3X2.5 mCi treatment group, 75% of the treated rats were tumor free at 3.5
months post tumor implant with 25% of those animals subsequently showing tumor
regrowth by the 7th month ( Fig. 5C; 50% tumor free at 8 months post implant).
Complete tumor regression occurred in 50% of the rats in the 5 mCi treatment group
after the first dose. All animals were tumor free after the third 5mCi dose (Fig. 5D)
and remained so up to 12 months post implant. Tumor growth in rats that received a
1 mg/kg blocking dose of cold peptide in addition to a single 2.5 mCi dose was
identical to the growth observed in untreated animals (Fig. 5A and 5 B), showing that

the radiotherapeutic effect is indeed receptor mediated.

Long Term Survival

Long-term survival was observed in animals treated with single or multiple doses of
2.5 or 5.0 mCi of ""Lu-DOTA-Y®-Octreotate. At the highest multiple dose regimen (3
x 5 mCi) abrupt weight loss occurred at approximately 12 months post final dose of
treatment. All animals in this group died within a 4-month fime frame. Post mortem
examination of these rats indicated that most suffered from renal disease,
characterized by the presence of fibrous nodules. In most cases, nodules were
viewed as small, discolored lesions on the surface of the kidney, although in some
cases, multiple large masses were found, suggesting a possibly malignant state

(Long term toxicity MS in progress).
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Figure 5. Radiotherapeutic effect of multiple dose administrations of 7 Lu-DOTA-
Tyr*-octreotate in CA20948 tumor bearing rats. A: untreated controls; B: rats received
2.5mCi of radiolabeled peptide plus 1.0mg/kg of unlabeled peptide; C: rats (n = 8)
received 2.5mCi of radiolabeled peptide x 3 doses; D: rats (n = 8) received 5.0mCi
radiolabeled peptide x 3 doses. Dosing indicated by arrows.

No tumor regrowth at the initial site of tumor implant was observed in these animals.

No significant premature weight loss was observed in the long-term survivors of the 3

x 2.5 mCi or with any of the single dose freatment groups. Significant weight loss

(preceding death) that occurred in these latter treatment groups is within the life

expectancy of ad /ib fed male Lewis rats determined from previous reports (12, 13).

Based on these studies, we estimate a normal life span for the male Lewis rats in our

facility to be 26 months £ 5 months. Comparisons of the survival for all treatment

groups showed that only the long-term survivors of the highest dose freatment group

(3 x 5.0 mCi) had an attenuated life span (approximately 65% of normal).
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Figure 6: Scintigraphy performed at 24 hours post injection of radiolabeled peptide,
Scintigrams represent multiple doses at either 2.5mCi (top rows) or 5.0mCi (bottom
rows) of '’ Lu-DOTA-Tyr*-octreotate administered at 30 day intervals. A: 1% dose; B:
after 2™ dose, C: after 3" dose; D: animals received 2.5mCi plus 1.0mg/kg cold
peptide.

66




Table 4: Biodistribution of "’Lu-DOTA-Y?.Octreotate in CA20948 Tumor Bearing Lewis
Rats at1, 4, 12, 24, 48 and 72 Hours Post Injection (Percent Injected Dose/gram * SE)

Tissue 1 hour 4 hours 12 hours

Blood 0.060+£0.001 0.005+0.000 0.003£0.000
Liver 0.048+0.003 0.039+0.001 0.038+0.001
Kidneys 1.31310.040 1.424+0.062 1.801£0.077
Muscle 0.015+0.002 0.004+0.001 0.003+0.000
Pancreas 7.18410.665 7.591+0.010 2.72640,090
Bone 0.457+£0.023 0.393+0.003 0.334+0.009
Tumor 4.483+0.387 4,367+0.090 3.55310.178
Tissue 24 hours 48 hours 72 hours

Blood 0.002+0.000 0.001+0.000 0.001£0.000
Liver 0.032+0.001 0.02640.002 0.029:£0.003
Kidneys 1.293+0.063 1.267+0.031 1.251+£0.050
Muscle 0.002+0.000 0.002+0.000 0.002+0.000
Pancreas 277940136 2.267+0.214 2.148+0.022
Bone 0.295+0.014 0.253£0.021 0.248+0.015
Tumor 2.521+0.052 2.244+0.196 1.79210.042

Table §. Biodistribution of ""Lu-DOTA-Y®-Octreotate in CA20948 Tumor Bearing Lewis
Rats at1, 4, 12, 24, 48 and 72 Hours Post Injection (Percent Injected Doselorgan  SE)

Tissue 1 hour 4 hours 12 hours

Blood 0.777+0.03% 0.059+0.001 0.030+0.004
Liver 0.500£0.021 0.35840.015 0.348+0.008
Kidneys 2.606+0.018 2.706+£0.077 3.609£0.099
Muscle 1.61510.180 0.39410.077 0.311+0.001
Pancreas 8.415+0.403 7.964+0.272 2.454+0.144
Bone 6.547+0.199 5.352+0.099 4.41710.125
Adrenals 0.623£0.049 0.58040.010 0.45710.030
Tumor 11.88+0.944 11.21£1.645 13.7810.720
Tissue 24 hours 48 hours 72 hours

Blood 0.02010.004 0.012+0.000 0.012+0.000
Liver 0.335+0.008 0.304+0.010 0.343+0.024
Kidneys 2.7784£0.123 2.672+0.139 2.564+0.088
Muscle 0.258+0.037 0.21810.008 0.219+0.005
Pancreas 2.666+0.140 2.12610.123 2.207+0.171
Bone 4,163+0.194 3.5100.273 3.4668+0.260
Adrenals 0.41120.013 0.330£0.019 0.27740.012
Tumor 8.373£1.137 7.74040.993 5.847+£1.250
Urine 66.61+£0.445 66.08+0.445 70.1741.384
Feces 6.225+£0.758 10.19£0.143 12.1640.731
Excreted 72.83+£1.007 76.801£0.433 82.32+1.544
Recovered 92.711£0.606 84.65+0.930 98.15+0.671
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Figure 7: Survival graph for rats treated with "’Lu-DOTA-Y-octreotate in the multidose
regimen of 3 x 2.5mCi and 3 x 5.0mCi per rat at 30 day intervals compared to negative
control (untreated) animals. Days are post implant of tumor.
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Conclusions

Biodistribution studies demonstrate that " Lu-DOTA-Y>-Octreotate has substantially
higher tumor uptake and retention than the corresponding Octreotide derivative.
Further, uptake and retention of the former compound into non-target organs, such
as kidneys, is less than that observed for Lu-DOTA-Y>-Octreotide. Considerably
higher uptake of the octreotate compound is observed in the pancreas. The clinical
relevance of this observation is not presently known. No apparent pancreatic uptake
was observed in baboons imaged by positron emission tomography (PET) with an
analogous Tyr’-Ocfreotate derivative labeled with %Cu, a positron-emitting
radioisotope (**Cu-TETA-Tyr>-Octreotate). Current clinical studies suggest that a
simitar situation exists in humans. Nevertheless, somatostatin receptors are known
to be expressed in pancreatic islet cells, and it is also known that there are different
subtype expression levels in rodent and human pancreas, although sst, receptors are

present in both. In any case, it is reasonable to expect that the higher tumor
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localization and reduced kidney retention achieved with "7 Lu-DOTA-Tyr®-octreotate
will enhance the selective targeting of somatostatin receptor rich tumors while
minimizing the radiation dose delivered fo kidneys. Ample evidence exists in the
literature to support the reduction of kidney uptake by the administration of amino
acid infusion cocktails. Up to a 50% reduction has been reported, and current clinical
trials evaluating *°Y-DOTA-Tyr>-Octreotide have employed this procedure to

minimize long term renal toxicity.

Long-term survival of tumor-implanted rats is observed after treatment with single or
multiple doses of "Lu-DOTA-Y*-Octreotate. The results are comparable or superior
to studies, which have used other radiolabeled somatostatin analogs (2-6). None of

the previous studies, however, have reported survival data beyond 8 months,

Some apparent radictoxic effects are observed at the highest multiple dose regimens
at approximately 12 months post treatment. Renal lesions (nodules and large
neoplasms) were observed during macroscopic inspection of the kidneys in the
multiple dose treatment group, indicating that the kidney is the critical organ for
toxicity.

Y7 4-DOTA-Y -

The current results demonstrate the therapeutic potential of
Octreotate. Further studies to determine the value of this radicpharmaceutical for the
treatment of human cancers over expressing somatostatin subtype-2 receptors are in

progress.
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Receptor-targeted scintigraphy using radiclabeled so-
matostatin analogs such as octreotate Is being used with
great success to demaonstrate the In vivo presence of so-
matostatin receptors on various tumors. A new and prom-
ising application for these analogs is radionuclide therapy.
Radionuclides suitable for this application include the
Auger electron-emitter '''tn and the B-emitters 0¥
(high energ.;g and 'Lu (low energy). We investigated
[DOTA°,T Joctreotate, labeled with the lanthanide

7TLu, In blodistribution and radionuclide therapy experi-
ments using male Lewis rats bearing the somatostatin
receptor-positive rat CA20948 pancreatic tumor, Blodis.
tribution studies in Lewls rats showed the highest uptake
in the rat pancreatlc CA20948 tumor and ssty-positive
argans, which include the adrenals, pltuitary and pancreas,
of ["'Lu-DOTAY, Tyr*Joctreotate In comparison with
%8Y. and *'!in-abeled analogs. Kidney uptake of ['"’Lu-
DOTA® Tyr'Joctreotate could be reduced by appraxi-
mately 40% by co-injection of 460 mgfikg D-lysing. In radio-
nuclide therapy studies, a 100% cure rate was achieved in
the groups of rats bearing small (=51 cm?) CA20948 tumeors
after 2 doses of 277.5 MBq or after a single dose of 555 MBy
["’Lu-DOTA®, Tyr*]Joctreotate, A cure rate of 75% was
‘achieved after a single administration of 277.5 MBq, In rats
bearing larger (=1 cm®) tumors, 49% and 50% cure rates
ware achleved in the groups that recelved | or 2 277.5 MBg
injections of ['""Lu-DOTA® Tyr*]octreotate, respectively.
After therapy with ['"7Lu-DOTA®, Tyr*Joctreotide in rats
bearing small tumors, these data were 40% cure after |
Injection with 277.5 MBq and §0% cure after 2 repeated
Injections. In conclusion, ['"Lu-DGTA®, Tyr*]Joctreotate
has demonstrated excellent results in radionuciide therapy
studies In rats, especialiy in anlmals bearing smailer tu.
motrs. Thls candldate molecule shows great promise for
radlonuclide therapy in paclents with ssty-expressing tu-
mors.

© 2001 Wilex-Liss, Inc.

Key words: '77Lu; octreorare: radionucleitide Hierapy; receplor: -
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[DTPA Joctreatide, consisting of the stable somatostatin analog
actreotide and the chelator DTPA (dicthylenetriaminepentaacetic
acid), enabling radiolabeling with a radiometal such as '''In, was
synthesized for scintigraphy of receptor-positive lesions, mostly of
newro-creocrine origin,'2 A new somatostalin analeg is Tyr-
oclreotate, where the alcohel Thriol) al the C-terminus is replaced
with the natural amino acid The (Fig, 1). This analog was found 10
have a very high affinity for the somatostatin receptor subtype 2
(s5t,) and showed the highest uptake in the rat pancreatic CA20948
tumor in a biodistribution study in rats using different '''In-
labeled somatostatin analogs.3

A new and fascinating application of radiotabeled peplides is
radionuclide therapy, Studies with an Auger ('''In) or a high-energy
' pamicte-emitter ("Y' complexed to an ocireotide analog frave been
reported. Promising results with regaed to wmor growth inhibition
were shown in preclinica! studies and in patient swdies using
["**-DTPA foctreotide! *- or ["0Y-DOTAY Tyr|uctreotide +6-10

In our study. we investigated the therapeutic potential of the low
energy B particle-emitter '""Lu. For this purpose, Tyr-octreotate
has been derivatized with the DOTA chelator (tetraazacyciodode-
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canetetrancetic acid, Fig. 1), cnabling stable radiolabeling with
7Y, Y7Ly and ''In. Here we describe the biodistribution of
["""Lu-DOTA" Tyr*loctreotate in CA20948 pancreatic tumor-
Learing rats, in comparison with the '*'In- and ®Y-labeled pop-
tide. The reactor product 7"Lu was chosen for radionuclide ther-
apy Lecause it emits low-encrgy B pacticles (497 keV, 78%) with
along haif-life (6.7 days). It also emits gamma radiation {208 keV,
116) with an encrgy suitable for scimigraphy and dosimetry
sludies using this same compound. Also. ex vive autoradio ra7phy
was performed and possible reduction of kidney uptake of [ /'Lu-
DOTA. Ty Joctreotate using 400 mg/kg D-Iysine was investi-
gated. Finally. we started radionuclide therapy studies witk ['”Lu-
DOTA Tyr' octreotate using the rat pancreatic CA20948 tumor
model. Based on previous reports of the efficacy of ['77Lu-
DOTA®, Tyr*loctreotate to eradicate rat tunors.'! we compared the
therapeutic effects of ["Lu-DOTA Tyr |octreotate and [77Lu-
DOTAS Tyr?Jactreotide, Additionally, we investigated the thera-
pewic efficacy of ['77Lu-DOTAYTyr'loctreotae as a funcrion of
tumor size at the start of therapy.

MATERIAL ANDY METHODS

Compeundys

"InCl, was from Mallinckvodt Medical BY (Petien, The Nether-
lands). *¥YCl, was from IDB (Bawle Mussau, The Netherlands).
Ly was from MURR (Columbia, MO). [DOTA® Tyr joctreotide
(DOTA= u:tran.v_:l(:%clod.odccanetelraacelic acid) was synthesized as
reported.)? [DOTA®, Tyr*jocireolate was synthesized by AS. Oct-
teatide was supplied by Novanis (Basel, Switzerland). "7 Lu-labeling
of [DOTA®Tyr loctreotide was performed as previousty described
for [*°Y-DOTA®, Tyr*joctreotide,'> D-lysine (as monochionide sult)
was obtained from Sigma Chemicat (St Eouis, MO). TissueTek was
from Sakura (Zocterwoude, The Netherlands), '\

Autoradiography

The presence of radioaciivity in tumor and normal tissucs after
injection of ['"7Lu-DOTA%Tyr'loctreotale in ml pancreatic
CA20948 tumor-bearing rats was investigated by ex vive autora-
diography. Tumor and normal organs were isolated 24 hr post-
injection, embedded in TissueTek and processed for cryosection-
ing. Tissue sections (10 wm) were mounted on.glass slides and
stared at - 20°C for at least | day to improve adhesion of the tissue
lo the skide. From cach organ and the tumor, several slides were
used to make mutoradiographs, whereas the adjacent sections were
hematoxilin-cosin stained. The sections were ¢xposed to phosphor
imaging screens (Packard Instruments, Meriden, CT) for | day in
X-ray cassettes. The screens were analyzed using a Cyelone phos-
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pitai Rotterdam, 3015 GD Rouerdam, The Netherlands.
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Fisuke 1 - Stntetuses of [Ty Joctreotide, [Ty Joctreotate and DOTA.

phor imager and a computer-assisted OptiQuant §3.00 image pro-
cessing system {Packard Instruments, Groningen, The Nether-
lands).

In viva biedistribution and reduction of kidney uptake

Animal experiments were performed in compliance with regu-
lations of our institution nnd with generally accepted guidelines
governing such work. Male Lewis rats {Harlan, The Netherlands;
200-300 g), bearing the rar CA20948 pancreatic lumor in their
flank, were used in the experiments. Rats were injected under ether
anesthesia with 3 MBqg (0.5 pg) "''In-, ®BY- or '"Ly-labeled
[DOTA®, Tyr'loctreotate in 200 pl saline into the dorsal vein of the
peitis. To determine nonspecific binding of the radiopharmaceuti-
cal, a separate group of rats was co-injected with 0.5 g oct-
reatide. For reduction of kidney uptake, D-lysine was given intca-
venously in a dose of 400 mg/kg, as a single co-injection with the
radiolabeled peptide. At the indicated time points (see Figures),
rats were sacrificed vnder ether anesthesia. Organs and blood were
collected and the radioactivity in these samples was determined
using an LKB-1282-Compu-gamma-system.

For all groups: n = 4, data are expressed as mean = SD.

Statistical analysis was performed using Student’s r-test or anal-
ysis of variance,

Acute toxicity stedy of unlabeled poptide

On experimental day 0. 4 treatment groups of 5 Wistar rals and
af 5 Balb-¢c mice were injected intravenously with saline, and 16X,
100X and 1,000X the human duose of unlabeled peptide (15 ng/75
kg body weight) of [DOTA® Tyr'loctreotate. All test solutions
were injected through the penile vein at a rate not exceeding |
mb/min. During 24 i afier injection, the animals were monitored
for changes in behavior {eating, sleeping, motion, posture). All tats
were euthanized 24 hr after injection by cther narcosis and sub-
jected to macroscopic post-moriem examination. After external
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examination, the chest and abdomen were opened by a midline
incision. Thoracic and abdominal viscera were examined for ab-
normalitics and aberrations were recorded, Organs were investi-
gated macroscopically (e.g.. for hemorrhage). Liver. kidneys,
stomach, splcen, lungs and intestines were isolated and fixed in 4%
buffered formalin. The organs were sectioned, stained and evalu-
ated by light microscopy.

Radionuclide fhvm{:y experiments using
{77 Lu-DOTAY Tvr joctreotate

Male Lewis rats bearing pancreatic CA20948 flank wanors
were injected with ['7’Lu-DOTA, Tyrlectreotate or [*7Lu-
DOTA®.Tyr*|octreotide into the dorsal vein of the penis. Differont
therapeutic groups {n = 6~10) received either a single intravenous
injection or 2 injections (1 week apart) of 277.5 MBq or a single
injection of 555 MBq [*7"Lo-DOTAY Ty loctreotate or [7"Lu-
DOTA® Tyr locireotide as indicated. Specific activity of ['77Lu-
DOTA® Tyr*joctreotate and ["7Lu-DOTA® Tyrlocireotide was
37 MBg/1.6-1.8 pg peptide. The contiol group did not receive
radiolabeled peptide.

Tumor growth, animal condition and body weight were deter-
mined st regular inlervals. At a more progressed stage of the
CA20948 twmor, central necrosis mty occur with rupture to the
surface. Besides loss of more thun 10% of eriginal body weight
and wmor growth beyond about 20 cm?, tamor rupture was an
indication to sacrifice the rats.

Responses were defined according (o the criteria of the South-
West Oncology Group (SWOG): partial response (PR) as ar least
50% reduction of the product of the 2 lugest perpendicular tumor
diameters vs. pretreatment values, whereas complete response
(CR) was defined as 100% reduction of this product, tasting for ar
Jeast 150 days.

GraphPad Prism (GraphPad Prism Sofiware, San Dicgo, CA)
wits used to ptot survival curves for the different groups.




Dosimetry

The dose 10 the rat tumers in Gy was calculated using the tumor
uplake data from the biodistribution experiments and assuming
uniform distribution of radioactivity in a spherical mass. Tumor-
to-tumor dose was taken into account only and S-vatues {mean
absorbed dose per unit cumulated activity) for '""Lu in spheres of
1 and [0 g were used as described.'?

RESULTS

Amoradiography

Figure 2 presents ex wivo autoradiographs of some rat organs
and CA20948 wmor, showing that the energies emitted by '"'Lu
are suitable for aumradio%raphy. Organs and tumor were isolated
24 br post-injection of ["7"Lu-DOTA.Tyr"Joctrectate. Adrenals,
pituitary, stomach and CA20948 tumor all express sst, (sec also
blacking experiment in Fig. 33 In the adrenad giands, radioactivity
is mostly localized in the zona glomerulosa, in the pituitary it is
found only in the frontal lobe, and in the stomach radioactivity is
found in the mucosa. [a the CA20948 tumor, a nearly homogenous
uptake is observed. Though the kidneys of the rat are sst,-nepative,
a high amount of radicactivity is found in these organs because of
rezbsarption of the peptide in the cells of the proximal lbules after
glomerular filtration The highest amount of radioactivity is found
in the cortex of the kidneys, whereas much less radioactivity is
found in the medulla.

In vivo biedistribution and reduction of kidney uprake

Figure 3 presents radioactivity in rat sst.-positive organs: pan-
creas, adrenals, pitvitary and CA20948 ml&ancrcntic tumor, 4, 24
and 48 hr after injection of '"In-, ¥¥Y. or '"Lu-labeled
[DOTA Tyr'laciseotate. Uptake in the sst,-expressing organs and
tumor at these time points was the highest for ['7’Lu-
DOTA“.Tyr‘luclremmc. whereas kidney uplake was lower for
"Lu- and *FY- than for 'in-labeled [DOTA Tys Joctreatate.
Co-injection of an excess of cold octreotide, 1o block the ssi,.
reduced uptake in the ssty-positive organs and tumor to a large
extent as measured at 24 hr post-injection, as shown in the fourth
greup of bars in cach pancl of Figure 3. This indicates that uptake
of the radiotabeled peptides in these rat sst,-positive targets rep-
resented specific binding to the octreotide (s5t,) receptors. Furtber
data obtained for ['7’Lu-DOTA® Tyr*octreotate 24 hr post-injec-
tion are shown in Table 1.

D-lysine (400 mg/kg), co-injected with ['""Lu-DOTA® Tyr']-
octreotate, reduced kidney uptake from [.37 = 0.16% of the

injected dose per g kidney in the control rats to 0.7 = Q.13% of the
injected dose per g kidne‘y (p<0.001). No significant cffect of
D-lysine was found on ['7Lu-DOTA® Tyr'loctreotate clearance
from blood and uptake in the other sst,-positive argans and twmor
(not shown).

Acute toxicity study

No abnormalities were found with regard to animal behavior
during the 24 hr period afier injeciion. No macroscopic pathology
was observed. Microscopic examination of representative tissue
sections from rats weated with [DOTA® Ty Joctreotate did not
reveal any abnormalities that could be attributed to the treatment.

in vivo radionuclide therapy experiments using 1771 w-labeted
somatostatin analogs

77 Lu-DOTA" Tyvr' Joctreatate in animals bearing mumors =1
cm?, Survival curves for the contrel and treatment groups arc
shown in Figure 4a. Tumors of the rats in the negative controt
group {;rcw excessively. Treatment wilh a single dose of 277.5
MBq [7’Lu-DOTA® Ty |octreotate resulted in complete remis-
sion of (umer grewth in most animals after [-2 weeks. AL 150 days
post-tumor implantation, 75% of the rats in this group were still
alive and tumor-free (p<<0.001 vs. control). For the groups that
received either the multidose regimen, ie., 2 injections of 277.5
MBqg, or the single dose of 555 MBq, the survival curves of
animals were even more impressive. All animals were alive and
umor-free 150 days post-tumor implantation (p<<0.001 vs. con-
trol). The tumeor responscs of these groups are shown in Figure 45.
The lowest single dose resulted in 75% CR and 25% PR in that
group of rats, increasing to 100% CR in the higher-dose groups.

[ Lu-DOTA" Ty Joctreotate in animals bearing tumors =]
e, Completely responding tumors regressed (o unpalpable w-
mors in 43 weeks. Figure 5 shows that a 40% CR was found after
a single administration of 277.5 MBg ['7’Lu-DOTA®Tyr')-
octreotate, and this response ratc was 50% in the group that
received the multipfe-dose regimen of 2 X 277.5 MBq. These data
indicate a more favorable response rate in rats bearing smaller
tumors {Fig. 44) compared with those bearing larger tumar masses
(Fig. 3).

7 Lu-DOTA" Ty Joctreoride in animals bearing tumors <1
cm?. Survival curves for the control and therapeutic groups are
shown in Figure Ga. Treatment with a singie dose of 277.5 MBy
[ Lu-DOTA . Tyr*Joctreotide resulted in a significant increase of
the survival of the rats in this group. A1 150 days post-implant,
40% of the rats in this group were still alive and wmor-free

Kidney  Adrenal

Pituitary

Stomach CA20948

Ficime 2 - Ex vive auloradiographs and hematoxilin-eosin staining of adjacent sections of indicated organs and CA20948 wmor. Organs and
tumor were isolated from the ras (for specifics. see Fig. 3) 24 hr post-injection of [' 7 Lu-DOTA® Tyr'octreotate (0.5 g, 3 MBq).
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Fiaize 3 - Biodistribution at indicated time paints of [DOTA, Ty Jocinzotate, labeled with either 'l 3Y or 'Ly (0.5 g 3 MBg), in
male Lewis rats bearing the rat pancreatic CA20948 tumor. The fourth group of bars in each panrel shows the effect w1 24 br post-injection off
co-injection of 0.5 mg unlabeled octreotide to Mock receptor binding. *p < 0.001 vs. control (24 hr).

TABLE - RADIGACTIVITY, EXPRFSSED AS % OF THE INJECTED DOSE
PER GRAM TISSUE IN DIFFGRENT ORGANS AND TUMOUR DF CAl0U4s
TUMOUR-BEARING RATS, 24 [iR AFTER INSECTION OF (“/LUWDOTAT.
TYRJOCTREQTATE

Organ 24 1
Blaod 0.002 (0.000)
Spleen 0.023 (0.003)
Pancreas 3.590 (0.980)
Adrenals 8.562 (0.262)
Kidney 1.561 (0.158)
Liver 0.032 {0.001)
Stomach 0.944 {0.067
Muscle 0.002 (0.000)
Femur 0.275 (0.024)

CA20948 wmour 2.173 (0.284)

(p=<0.001 vs. contrel). OF the animals that received the repeated-
dose regimen, ie., 2 injections of 277.5 MBg, aboul 60% were
alive and wmor-free at 150 days post-implant, The twmor re-
- sponses af these groups are show! in Figure 65. The lowest single
dose gave 40% CR and 60% PR, increasing o 60% CR with 40%
PR for the highest dase.

Dosinterry

Estimation of tumor dose of ['7Lu-DOTA" Ty Joctreatate was
based on the biodisiribution results in this rat model, taking into
account the %ID/g radicactivity in the wmor ot 72 hr post-injec-
tion [1.€0 (0.04) %] and a 50% lower uptake in the tumor as a

result of the lower specific aclivity of the radiclabeled peplide as .

used in the radionuclide therapy studies. This resulted for {'7Lo-
DOTA® Tyr*loctretate in an sbsorbed dose of 96 mGy/MBq for
a 1 g wmar and 97 mGy/MBy for s 10 g tumor.

Based on these data. the absorbed doses in the small umeors are
58 Gy for the 2 % 277.5 MBq dose and 50 Gy for the 355 MBq
single dose because of the somewhat lower specific activity of the
latter therapy dose. :

DESCUSSION

Gur results show impressive radiotherapeutic effects of 1?7 Lu-
labeled [DOTA®, Tyr'Joctreotate in the rat pancreatic CA20948
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FiGure, 4 - (a) Survival curves of groups of rals bearing CA2q948
tumors smaller than | cm? after indicated doses in MBq of ['7'Lu-
DOTAC,Tyr’octreotate (control group n = 6; ather groups n = 8). (5)
Tunor size responses found in groups of rats bearing CA20948 tumors
smalter than 1| cm?® after indicated doses in MBq of ['"Lu-
DOTATyr |octreotate. NR, no response; PR, partial response: CR,
complete response {control group n = 6; olher groups n = 8).




ICR

Frevak 5 - Tumor size responseg found in groups uf rats bearing
CA20948 wmors larger than 1 em® after indicated doses in MBg of
['"Lu-DOTA" Tyr*joctrentate. NR, no response: PR. partial response:
CR, comiplete response {control group n = 6; 277.5 MBg group n =
10: 2 X 277.5 MBq group n = ). The figurcs in the hars indicate the
size of the wmors 10 ¢em® at the beginning of therapy.

wmor model. All animals bearing small but clearly palpable tu-
mors showed complele regression of thmor mass after a total dose
of 555 MBq ["""Lu-DOTA" Tyr*Joctrentste. In animals bearing
larger tumors and treated  with this 555 MBq ['Lu-
DOTA®. Tyr*Joctreotate or in animals bearing the small tumars and
treated with 555 MBq ['7'Lu-DOTA% Ty loctreatide, the elfects
were less impressive; 50% to 60% of the animals responded with
complete remission of wmor growth. The latter fnding is in
accordance with the observation that radiolabeled oetrectide ana-
logs, including ['7"Lu-DOTA® Tyr*loctreatide, have a lower tu-
maor uptake in this mor model compared with the corresponding
octreotate analogs.X1! thereby resulting in a significantly lower
tumor radiation dose in radionuctide therapy studies.

With repard to the bener results found in smaller rtmores in
comparison with arger wumors, we also found a difference in the
response rate after radionuclide therapy with '"'In- and %y-
labeled octreotide, showing better results in smaller than in larger
CA20948 tumors.'® Further studies using **Y-labeled octreotide
indicated that [00% cure could be achieved in medium-sized
tumors with a mean size of 7.8 em? wmor size, whereas the % cure
in smaller twmors (= 1 cm?) and bigger tumors (=12 em?) was
tess impressive (data not showa). In smaller umors, a large part of
the radiation energy of **Y will be deposited outside the turmor as
a result of the large particle ranges (up to 12 mimj of the high-
energy electrons emitted by *Y."7"Lu iy therefore more suitable
for treatment of smaller tumuors, as shown here. In large twmors, on
the other hand. more hypoxic cells are expected to be present,
being mare radioresistant than well-oxygenated tumor cells, lim-
iting the potential cure rate. Studies are being desipned to inves-
tigaie if this parameter also influenced our resulis.

The data observed here for ['7’Lu-DOTA®, Ty’ Jocureotate point
10 the importance of early anset of radionuclide therapy during
twmor development.

A problem during radionuclide therapy may arise because of the
tigh uptake of ‘"’ Lu-laboled peptide in the kidneys, resulting in a
higher dose 10 these radivsensitive organs, thereby limiting the
possibilities for radionuclide therapy. This nonspecific renal up-
take is restricted Lo the cortex, as shown in the autoradiography
stuclies, covering about 50% of the kidney. Therefore, the radiation
dose on this part of the kidney will be about twice that caleolated
in dosimetry estimations bascd on the whole kidney. We showed
that the renal uptake of radiolabeled octreotide analogs in rats
could be reduced by about 50% by single intraverious administra-
tion of 400 mg/kg L- or D-lysine.37 [n our study, we Found that
D-lysine administration alsa resulted in a significant reduction of
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Figune: 6 ~(a) Survival curves of groups of rats bearing CA20948
tumors_smaller than 1 cm?® after indicated doses in MBq of ['7Lu-
DOTA®Tyr'loctreatide (control group n = &; 277.5 MBq group n =
10; 2 X 277.5 MBq group n = 7). (&} Tumor size responses found in
goups of rals bearing CA20948 tumors smaller than 1 cm? afier
wndicated doses in MBq of ['"Lu-DOTA®Tyr’Joctreatide, NR, no
response; PR, partial response: CR, complete response (control group
n = 6:277.5 MBq group n = 10: 2 X 277.5 MBq group n = 7).

[""Lu-DOTA®, Tyrloctreotate uptake in the kidneys without af-
fecting uptake in receptor-positive tissues and tumor, thus enlarg-
ing the therapeutic window during radionuclide therapy.

The rat CA20849 flank tumor, which expresses 2 of the. 5
existing somatostatin-receptor subtypes, Ze., rat sst, and to a lesser
extent rat ssty, has been shown to be a very good model for
radionuclide therapy siudies using radiolabeled somatostatin ana-
logs with affinity for these 2 receptor subtypes.t3®1LI8.19 Sippif.
icant twmor prowth delay but no cuse was found in rats bearing
small tmors after radionuclide therapy with [**Cu-TETAJoct-
reatide or [*Cu-TETA,Tyr*l-octreotate. 1849 Tumior growlh inhi-
bition in this model was also found after treatment of CA20048
wmor-bearing  rats with  [**Y-DTPA -benzyl-acetamido, Tyr*}-
actreotide.® Using 37G MBg/kg of ["'Y-DOTA, Tyr*locireatide,
the same group observed compiete wmor reduction in 5 of 7 rats.®

Here we present impressive data on redionuclide therapy in rals
using DOTA-cttreotate in comparison with octreotide using "Ly
as the radionuclide, resulting in up to 100% CR, in accordance
with an earlier radionuclide therapy siudy using ['"Lu-
DOTA® Tyr*locureotate. ! This study shows the good characieris-
tics of ['""Lu-DOTA"Tyr*joctreotate for treatment of rat ssiy-
expressing tumors, underscoring the potential of the low-cnergy B~
particles of "”?Lu for radiothcrapeutical use, The impressive ther-
apeutic results can be explained by the very high affinity (in the
low nM range) of chelated [Tyr*Jocireotate for both the rat and



human ss1,,3-20 its very high intemalization rate® and, as shown by
the autoradiography and biodistribution studies, the high uptake in
the wmor, Other sdvantages of this radiq}ahaﬂnaccmical include
the suitable gamma energy emitted by "L, enabling scintigra-
phy, dosimeiry and radionuclide therapy using this very radionu-
clide and the fact that the energy emitted is suitable for autora-
diography.

In conclosion, radionuclide therapy with octreotate and the low
energy @ emitter '"""Lu as radionuclide is most feasible. Acute

" toxicity studics.using this somatostatin analog in rats:and miee did

not reveal any ebnormialities, making it 'al véry promising new
treatment madalily for ssty-overexpressing:human-tumors.
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ABSTRACT

A number of somatostatin analogs have been recently evaluated in animal models as
potential radiotherapeutic agents for ablation of neuroendocrine tumors. These
analogs have been chelated with beta emitting isotopes such as Y-80, and Re-188,
and more recently increased efficacy using Lu-177 has been demonstrated. The
majority of these agents have been evaluated for therapeutic efficacy in the rat flank
tumor model, CA20948 tumor bearing Lewis rats, or in athymic nude or SCID mice
bearing the AR42-J flank model. We have developed two novel tumor models in the
Lewis rat based on the exocrine acinar pancreatic cell line AR42-J. These models
represent a flank model induced by serial implantation of solid tumor material in pre-
weaned animals, and a liver model mimicking smaller in vivo metastases.
Biodistribution studies in the flank model showed that the compound, 7"Lu-DOTA-
Tyr-Octreotate, has high uptake and retention of the agent in the tumor (8.0%
ID/gram at 4 hrs. p.i.}, and an in vivo blocking study confirmed the receptor specificity
of this agent for the sst; receptor. The radiotherapeutic efficacy of this agent was
evaluated in both model systems. In animals bearing the flank tumor at 9 days post
implant multi-dose regimens of 2.5mCifrat and 5.0mCi/rat significantly suppressed
tumor growth compared to untreated control animals. In the liver model, a significant
reduction in the total number of metastases and overall tumor involvement of the
livers was observed in animals treated with three doses of 5.0mCifrat compared to
the unireated control group. All animals in the flank model groups showed latent
tumor re-growth after ~90 days, indicating that this new tumor model is more difficult
to treat therapeutically than CA20848, and therefore represents a potentially new

mode! of radio-resistant neuroendocrine tumors.
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INTRODUCTION

Small peptides chelated with a growing number of beta particle and Auger electron
emitting radionuclides is becoming a promising means of specifically targeting
cancerous tissues for the purpose of radiotherapy. This wider acceptance of peptides
is predicated on the favorable biclogical characteristics that include rapid blood
clearance, low toxicity, and high specificity for tumor tissue and low immunogenicity
[1-4]. The successful use of OctreoScan as a clinical radio-diagnostic was the initial
example of a peptide-based agent for the specific identification of certain
neuroendocrine tumors [5]. Since then a variety of octreotide analogs radiolabeled
with Y-90, Re-188, Sm-153, Cu-64, In-111 and more recently Lu-177, have all
demonstrated efficacy in inhibiting tumor growth in tumor bearing animal models
i1, 4, 6-10] The radionuclide, Lu-177, has superior properties over the radionuclides
mentioned, most notably a low i emission (497keV), a relatively long half-life (6.7 d)
and the potential for high radio-specific activity (>3000Cifmmol). Lu-177 also
possesses a low abundance y emission {11%, 208keV) which is guite suitable for
scintigraphic imaging and provides a vel;y convenient fracer emission for
biodistribution studies and dosimetry calculations [11]. Being a reactor product
produced from Lu-176, this radionuclide presents a number of advantages with

regard to cost, scalability and availability over radionuclides produced by other

F————n§
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Figure 1: Structure of DOTA-Tyr-Octrectate

means.
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It has been shown that the substitution of the carboxy-terminal threoninol in
octreotide with the natural amino acid threonine substantially increases both the
uptake and retention of the radiclabeled derivative in somatostatin positive (sstp)
tumors [9, 11]. This superior uptake and retention in this derivative, termed
octreotate, led to the synthesis and evaluation of '’Lu-DOTA-Tyr*-Octreotate in the
CA20948 tumor bearing Lewis rat model as a potential radiotherapeutic agent. Using
this model with a multi-dose regimen of 3 X 5.0mCi/rat at 30 day intervals, Erion et al.
were able to demonstrate the complete remission of tumor growth for 16-24 months
[11]. De Jong has reproduced this result by demonstrating complete remission of
tumor growth in the same animal model for 150 days post injection, at which time the
animals were sacrificed for histological evaluation to assess possible toxicological

effects of the treatment [12].

The maijority of the studies that establish therapeutic efficacy of various sst; agents
employ either Lewis rats bearing the CA20848 tumor in the flank model or athymic
nude or SCID mice using AR42-J cell inoculations to establish palpable tumor
masses. The CA20948 flank model has been extensively used to evaluate octreotide
derivatives chelated to In-111, Cu-64, Sm-153, Y-90 and Lu-177 [6-9, 11-13]. This
model is quite atiractive, as it is easy to establish and maintain in Lewis rats, and
produces tumors that consistently achieve 1-3 grams in size 16-20 days post implant
[1, 7, 8. This tumor line is of rat acinar pancreatic origin and is known to express a
high number of sst; membrane bound receptors that readily recycle by the
mechanism of receptor mediated endocytosis [9, 13, 14]. De Jong and Breeman
have also demonsirated that these cells can be injected directly into the vena porta to
produce a metastatic liver model in Lewis rats that has been used to evaluate the

radiotherapeutic efficacy of In-111 and Y-90 labeled octreotide derivatives [15].
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A second sst, tumor model used to evaluate diagnostic and therapeutic potential of
novel agents is the athymic nude or SCID mouse mode! injected with AR42-J
cultured rat celis in the flank area. This cell line is positive for the expression of a
number of membrane hound receptors including sst,, bombesin, VIP, CCK, EGF, and
as a result has been used {o test a variety of radiolabeled peptides chelated to
Tc-99m and Re-188 [16]. Because of their compromised immune systems, both the
athymic nude and SCiD mouse models require housing within a sterile barrier, and
as a result, these models are not readily available to all research sites due to the
expense and increased maintenance and housing requirements for this type of

facility.

In this work we introduce two novel rat models that produce AR42-J tumors in the
flank and the liver that over-express the sst; receptor. We then evaluated the

therapeutic potential of ’Lu-DOTA-Tyr’-Octreotate (Figure 1) in both animal models.

MATERIALS AND METHODS

Tumor Models

Flank Model: All animal studies were conducted in compliance with the Mallinckrodt
Inc. Animal Welfare Committe requirements. Pre-weaned male Lewis rats weighing
approximately 40 grams and 20 days old were first injected subcutaneously in the left
flank area with 2.5 x 10° AR42-J cells. After 12-14 days palpable masses were
present, and were allowed to reach a mass of a 2-3 grams. This material was
aseptically harvested and placed into a petri dish on ice containing Media 199 (Gibco
Co.). The tumor was further diced into smaller pieces (2 x 2 mm), placed into the

bevel of a cancer implant needle and then directed subcutaneously to the center of
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the left flank of each recipient animal. These animals were also pre-weaned Lewis
rats weighing 40 grams anesthetized with Halothane, Palpable masses resulted with
9-11 days and consecutive generations (>30) have been serially passaged in vivo by

this technique.

Liver Metastases Model: Donor animals were initially obtained from Lewis rats
bearing AR42-J flank tumors described previously. The tumor material was
aseptically removed, placed into a petri dish containing Media 199 and kept on ice.
The tumor mass was passed through a sieve to remove capsular debris and then
suspended in PBS at a concentration of 5 x 10° cells/ml. Young (4 week old) male
Lewis rats were injected directly into the portal vein with 500Ul of cell suspension.
Metastatic tumor growth confined to the liver occurred within 30 days. The
transplantable line was maintained in successive generations by direct portal vein

injection into naive animals.

Radiochemistry

The preparation of DOTA-Tyr’-Octreotate has been previously described in detail
[9, 11, 12]. The Lu-177 was obtained from MURR at a specific activity of
~3000Ci/mmol. Labeling reactions were performed at 80°C in 30mM NaOAc, 15mM
NaAscorbate at pH 5.5. The peptide was labeled to a radio-specific activity of
1200Ci/mmol. Radiochemical yields (>99.5%) and radiochemical purity (>98%) were
determined by reverse phase chromatography on a Vydac C18 column using
acetonitrile/0.01% TFA gradient (5% to 70% ACN) over a 20 minute time span at 1.0
mi/minute. Samples were coinjected with 2.5mM DTPFA to chelate unincorporated

metal. The radiolabeled complex has a retention time of 14.8 minutes.
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Receptor Binding Assays

Receptor binding assays were carried out using membranes prepared from CA20948
tumors harvested from Lewis rats [6, 7]. Assays were performed using the Millipore
Multiscreen system (Bedford, Mass) with ""'In-DTPA-Tyr*-Octrectate as the trace
and unlabeted DOTA-Tyr’-octreotate as the cold competitor. Radiolabeling of DTPA-
Tyr’-octreotate was performed by combining 1.0 pg peptide (1.0mg/mi) with 1.0 mCi
of "'InCls (100 mCi/ml, Mallinckrodt Inc., St. Louis) and 10 i buffer (50mM NaOAc,
25mM sodium ascorbate). After incubation at room temperature for 15 minutes, the
peptide radiochemical yield (> 89%) and purity (> 95%) were determined by reverse
phase chromatography. ICsp values were calculated using a four-parameter curve

fitting routine using the program GraFit (Erithacus, UK).

Tissue Distribution and Blocking Study

A biodistribution study was carried out using the AR42-J Lewis rat flank model at 14
days post implant. Anesthetized (Halothane) animals received 25 ul (250 pCif9.25
MBq) of ""Lu-DOTA-Tyr*-octreotate via the jugular vein. The animals were divided
into three groups (n = 3/group) and sacrificed at 1, 4 and 24 hours post injection by
cervical dislocation. Scintigraphic images were obtained using a Picker 300SX
gamma camera interfaced to a dedicated Odyssey image processor. A large field of
view camera using a general-purpose medium energy collimator with the peak
energy centered at 208keV was used to collect images for 100K counts. The tissues
and organs of interest were removed, weighed and the radioactivity measured in a

Packard Cobra gamma-scintillation counter.
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A blocking study was performed in the same animal model. The positive control

group (n = 3) was pre-treated with a subcutaneous injection of cold Tyr*-octreotide at

1.3 mg/kg 45 minutes prior to injection of *’Lu-DOTA-Tyr’-octreotate. The negative
control group (n = 3) received a subcutaneous injection of saline 45 minutes prior to
injection with the test article. Three hours post injection of agent the animals were
sacrificed by cervical dislocation and imaged for 100K counts. Tissues and organs of
interest were removed, weighed and the radioactivity measured in a Packard Cobra

gamma-scintillation counter.

Radiotherapy Studies

Flank Model: Radiotherapy studies were initiated in animals at 9 days post implant of
AR42-J solid tumor. Animals were randomly divided into study groups (n = 6/group)
and received either three doses of 2.5 mCi or four doses 5.0 mCi of ""Lu-DOTA-
Tyr’-octreotate via the jugular vein at 14 day intervals. Presence of tumor mass was
first confirmed by palpation of the flank area. The control group (n = 8) received no
treatment. Tumor volumes were measured with calipers initially twice per week,

followed by weekly measurements after receiving the final freatment dose.

Liver Metastases Model: Male Lewis rats were inoculated with 2.5 x 10° viable cells
by direct injection into the portal vein. Two groups of animals were randomly divided
with the treatment group (n = B) receiving three doses of 5.0 mCi of "’Lu-DOTA-
Tyr*-octreotate via the jugular vein at 7, 14 and 28 days post injection of cells. The
negative control group (n= 85) received no treatment. The animals were weighed

weekly, and their general health was periodically monitored for overt signs of
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morbidity. At 34 days post injection of cells, the animals were sacrificed, all livers
excised, weighed and graded by four independent investigators ranking the extent of

metastatic involvement (from 0 to 5+), while blinded from treatment regimen.

Statistical Analysis
Statistical analysis was performed using a one tailed students t-test, and the level of

statistical significance was set at p <0.05.

RESULTS

In Vitro Binding Assay

The CA20948 pancreatic acinar tumor line expresses high levels of sst; receptor [1,
13, 17]. We have used membrane preparations from this tumor line to screen a
number of somatostatin analogs with chemical modifications made in both the
peptide and chelate

segment of the molecule [7]. Figure 2 shows the data for several analogs analyzed
using this method, and the ICs value for DOTA-Tyr’-octreotate was found to be
4.0nM, very similar to that for DTPA-Octreotide (2.5nM) and CMDTPA-Tyr-
Octreotate (2.8nM). This compound was therefore evaluated as a promising agent for
testing of radiotherapeutic potential in these model systems based on its high in vitro
binding affinity, improved Lu-177 chelating properties and promising radiotherapeutic

effect demonstrated previously in the CA20948 Lewis rat tumor model [11, 12].
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Table 1. Table of Competitive Binding of '"'In-DTPA-Tyr’-octreotate to CA20948 Tumor Membranes in
the Presence of Unlabelled Somatostatin Analogues. ICs, values are in nM.,

Peptide ICs0 (NM)
DTPA-octrectide 25
DTPA-Tyr-octreotate 1.4
CMDTPA-octreotate 2.8
Tyr-octreotate 0.5
DOTA-Tyr*-octreotate 4.0

Tissue Distribution and Blocking Studies

The tissue biodistribution properties of "7’Lu-DOTA-Tyr®-octreotate were studied in
the AR42-J Lewis rat flank model. The complete tissue distribution is listed in Tables
2 and 3 and is represented graphically in Figure 2. At 1, 4 and 24 hours post injection
(p.i.) of the agent the amount of activity accumulated in the tumor fissue was 7.7%,
8.0% and 5.3% of the injected dose per gram of tissue (%ID/g). Significant uptake
was also observed in the pancreas and adrenal glands, both sst; receptor positive
tissues. Pancreas uptake was 23.0%, 14.0% and 4.2% |D/g, and the adrenal tissue
was 0.59, 0.57 and 0.43%-injected dose per whole organ (ID/o). Non-somatostatin
receptor expressing tissues which includes the liver, spleen, heart and muscle all
exhibited low uptake of the radiotracer. Scintigraphs at the three sacrifice points
confirm the strong localization of the agent in the tumor with no significant uptake in
any non-sampled tissues or organs (Figure 4). At 24 hours p.i. the predominant route
of excretion was urinary with 62% excreted via the renal system and 15% excreted
fecally (Table 2). The rapid distribution and excretion of the agent coupled with the
high specificity for the sst; receptor resuited in very high target to non-target tissue
ratios. The tumor to tissue ratios calculated from %ID/g values at 24 hours were 1776

for blood, 1333 for muscle and 66 for liver, and the pancreas to tissue ratios from
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%ID/g values were 1382 for blood, 1044 for muscle and 52 for liver. These ratios
validate the specificity of the agent for tumor tissue in this novel animal model.

The kidney was the only non-sst; positive organ to show significant uptake and
retention of the agent. Kidney retention remained relatively constant at 2.5% |D/gram
at 4 and 24 hours post injection. The mechanism for this non-receptor mediated
uptake is the result of the metabolism of octapeptide to the ’LLu-DOTA-(D)Phe’, that

is retained in the renal tubules of the kidneys [18].

Table 2. Biodistribution of ’Lu-DOTA-Y*-Octreotate in AR42-J Tumor Bearing Rats
{Percent Injected Dose / gram & SE)

Tissue 1 hour 4 hours 24 hours

Blood 0.076+0.013 0.008+0.001 0.003+0.000
Liver 0.080+0.004 0.086+0.012 0.081+0.009
Kidneys 1.652+40.086 1.844+0.079 1.394+0.125
Muscle 0.01940.004 0.008+0.000 0.004+0.000
Spleen 0.085+0.009 0.095+0.019 0.069+0.008
Heart 0.060+0.007 0.022+0.001 0.011£0.001
Pancreas 23.01+1.454 14.004£2.029 4.17640.229
Sm. Intes. 0.727+0.077 0.970+0.127 0.269+0.037
Stomach 2.094+0.326 1.044+0.104 0.785+0.059
Bone 1.17540,157 0.9251+0.030 0.81110.020
Tumor 7.732+0.690 8.048+0.376 5.330+0.557

Table 3. Biodistribution of ""Lu-DOTA-Y*-Octreotate in AR42-J Tumor Bearing Rats
(Percent Injected Dose / organ & SE)

Tissue 1 hour 4 hours 24 hours
Blood 0.436+0.083 0.043+0.003 0.018+0.002
Liver 0.422:0.014 0.366+0.034 0.42310.020
Kidneys 1.85620.131 1.869+0.007 1.702+0.028
Muscle 0.996+0.200 0.293+0.003 0.227+0.012
Spleen 0.033+0.003 0.031+0.006 0.02310.000
Heart 0.028+0.004 0.01010.001 0.006£0.000
Pancreas 13.0341.470 7.74020.735 2.61510.136
Adrenals 0.58610.029 0.570x0.009 0.432+0.025
Stomach 2.316+0.154 1.553+0.036 0.84610.019
Bone 7.821£1.131 5.76040.222 5.54710.451
Tumer 12.54+3.019 15.06+1.781 6.451+0.535
Urine 61.95+1.411
Feces 14.95+2.310
Total Excreted 76.901+2.510
Total Recovered 95.10443.072

89



Table 4 and Figures 4 and 5 confirm the receptor specificity of this agent for the sst,

receptor. In the animals receiving cold peptide o block receptor uptake of the

radiotracer the pancreas, adrenals and tumor tissues showed a reduction of 85% or

greater in uptake compared to saline treated animals at three hours post injection.
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Figure 2: Biodistribution of """ Lu-DOTA-Tyr"- Figure 4: Blocking study in AR42-J fumor bearing
octreotate in AR42-J tumor bearing rats at 1, 4 rats pre-treated with PBS or cold peptide 3 hours

and 24 hours post injection (expressed as

%|D/gram of tissue).

post injection with *"'Lu-DOTA-Tyr*-octreotate
(expressed as %ID/gram of tissue).

Table 4. Biodistribution of "' Lu-DOTA-Y*-Octrectate in AR42-J Tumor Bearing Rats 3 Hours Post
Injection after Pre-treatment with PBS or Cold Peptide (Percent Injected Dose / gram £ SE)

Tissue PBS (+) Cold Peptide
Blood 0.011+0.001 0.007+0.001
Liver 0.05240.004 0.069+0.006
Kidneys 1.492+0.092 2.70210.202
Muscle 0.00540.000 0.008+0.000
Spleen 0.055+0.002 0.034£0.002
Heart 0.02340.002 0.01040.001
Pancreas 13.99+1.668 0.328+0.055
Sm. Intes. 0.4591+0.105 0.05210.007
Stomach 0.76840.054 0.061x0.025
Bone 0.730x£0.008 0.043%0.004
Tumeor 4.5921+0.360 0.62610.120
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1 hour 4 hours

Figure 3: Scintigraphs of AR42-J tumor
bearing Lewis rats at 1, 4 and 24 hours post
injection of 250uCi  '7Lu-DOTA-Tyr-
octreotate. Images were obtained with a
Picker 300SX gamma camera using

medium energy collimation centered on a

peak energy of 208keV.

24 hours

Other tissues known to express sst; naturally include the stomach and bone, both
tissues that exhibited a significant blocking effect in this study. The non-somatostatin
expressing tissues of the blood, muscle, spleen and liver did not exhibit any blocking
effect as a result of the administration of cold peptide. Scintigraphs from
representative animals (Figure 5) shows the dramatic reduction in the localization of
the agent in tumor tissue in the animals that received a blocking dose of cold peptide

versus animals receiving saline.
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Figure &: Scintigraph of blocking study comparing animals pretreated with 1.3mg/kg of
cold Tyr*-octreotate (Right) or saline (left) 45 minutes prior to injection with "7’Lu-DOTA-
Tvr'-octreotate.

Radiotherapy Studies

Flank Model: Figure 6 shows the survival curves for animals freated with 3 x
2.6mCifrat and 4 x 5.0mCi/rat at 14 day intervals compared to untreated control
animals. In both studies the untreated animals show similar tumor growth rates, with
mean survival only 28 days post implant. A significant delay (p < 0.05) in tumor re-
growth was observed in both treatment groups. The animals that received a dosing
regimen of 3 x 2.5mCi had a mean survival time of 75 days post implant and the
animals treated with 4 x 5.0mCi had a mean survival of 101 days post implant. In

both dosing regimens all animals ultimately showed latent re-growth of tumor mass.
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Figure 6: Tumor volumes following ""’Lu-Y*-DOTA-octrectate radiotherapy of AR42-J flank
tumor bearing Lewis rats. Panel A: 3 x 2.5mCi doses at 14 day intervals; Panel B: 4 x 5.0mCi
doses at 14 day intervals. Symbols (o) = Tumor implanted untreated control animals, (.) =
Tumor implanted animals with treatments as indicated. Calculated mean survival of
untreated control animals was A. 28 days () 4, B: 29 days (£) 3, and treated animals was
A: 75 days (+) 9 and B 101 days (&) 11

Liver Metastases Model: Animals in both the treated and untreated groups were
sacrificed at 34 days post injection of AR42-J cells. At that time there was a
noticeable decline in general health of the untreated animals. These animals
exhibited signs of morbidity marked by extreme lethargy, poor grooming and
significant weight loss. In contrast, the treated animals maintained a healthy
appearance and normal levels of activity throughout the time span of the study, and
continued to gain weight up to the time of sacrifice. Figure 7 is a comparative
photograph of the excised livers from the treated and untreated animals. There is a
very clear difference in the number of metastases and extent of overall tumor
involvement in the untreated animals versus the treated group that exhibited virtually
no signs of tumor involvement. The mean liver weight in grams for the untreated
control group was significantly higher compared to the treatment group (18.9g vs.
9.99). The numerical score, on a range from 0 to 5+, for tumor metastases and

overall hepatic involvement for the untreated group was significantly higher (p<0.01)
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with a score of 3.90 vs. only 0.19 for the treatment group based on the visual

inspection by four independent investigators {data not shown).

Figure 7: Photograph of excised livers from untreated {control) and treated (3 x 185 mBq)
Lewis rats injected with 2.5 x 10° AR42-J cells directly into portal vein. Treatment group
received 3 x 5.0mCi (185mBq) of "’ Lu-DOTA-Tyr-octreotate at 7, 14, and 28 days post
injection of cells. Livers excised after 34 days.

DISCUSSION

The studies presented here establish the AR42-J flank and liver metastases models
in Lewis rats as novel in vivo systems for the evaluation of sst> receptor targeted
radiotherapeutic agents. The models described in this study represent two relatively
simple and reproducible in vivo tumor lines that require no significant increase in
expense or maintenance requirements for the research facility. The flank model was
thoroughly validated for the expression of sst; receptor using 77Lu-DOTA-Tyr-
octreofate as the targeting radiolabeled peptide complex in biodistribution, blocking
and radiotherapy studies. The liver metastases model was developed to further test
the radictherapeutic efficacy of this agent to treat small tumors that may mimic a
metastatic condition in a clinical setting. Both sets of studies confirmed the utility of
both models for radiotherapy, and the data from the flank model suggest that it

represents a more radio-resistant neuroendocrine tumor line in vivo, compared to the
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CA20948 flank model that has been more commonly used to evaluate potential
radictherapeutic agents. Both models are novel in that the Lewis rat is the animal
used to host the AR42-J pancreatic tumor line compared to the athymic nude or
SCID mouse which has conventionally been used as the animal host for this cell line
in vivo. The use of pre-weaned Lewis rats to establish the model suggests that the
immune system of these animals is not sufficiently mature to reject the quasi-murine
tissue implant resulting in a discreet fumor mass. As a result, the maturing immune
systems of older animals of 8-10 weeks of age are able to recognize the implants as

foreign, and reject the tissue before it becomes an established tumor mass.

The flank model bearing the AR42-J tumor line was validated for the expression of
sst, receptors by the high uptake and retention of '’Lu-DOTA-Tyr*-octreotate in a
series of biodistribution and blocking studies [11, 12]. Uptake in the sst positive
tissue of the tumor, pancreas and adrenal glands was higher than reported for other
octreotide and octrectate derivatives [7, 9]. Uptake and retention in the non-
somatostatin expressing tissues of the blood, liver, muscle, spleen and heart was
very low, and not apparent on the scintigraphs. As previously mentioned, the only
non-somatostatin expressing tissue to show any significant uptake was the kidney.
This is quite expected as the metabolism for this class of peptides is well
documented [18]. The octapeptide is metabolized to "’Lu-DOTA-(D)-Phe’, and this
species is readily trapped in the renal tubules of the kidneys. It has been
demonstrated, however, that significant (50%) reduction in kidney retention can be
achieved by the use of amino acid i.v. infusion [19-21]. The pancreas is a sst;
receptor positive tissue, in which potentially undesirable high uptake of the
radiotherapeutic agent was observed. However, additional studies in humans need to

be undertaken to determine if the high pancreatic uptake in this animal model will
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also be found in humans. Results with 'l-ssts suggest that normal human
pancreatic tissue does not bind this analogue, and that only weak expression of sst

receptor mRNA has been found in normal pancreas [22, 23].

In a competition study using cold peptide, an 85% reduction in sst, receptor activity
was observed, confirming the high sst. expression in this tumor mode!. Coupled with
the low non-target tissue retention, high urinary clearance and low fecal clearance,
this model was used to evaluate the therapeutic potential of '"Lu-DOTA-Tyr-
octreotate. Rats bearing the flank tumor model treated with either 3 x 2.5mCi or 4 x
5.0mCi per animal at 14 day intervals all showed a significant delay in tumor growth
compared to untreated control animals. The mean survival time for the low dose
animals was 75 days post implant, and 100 days post implant for the high dose
group. Separate untreated control groups had a mean survival of only 28 days post
implant. All treated animals ultimately showed re-growth of tumor mass, however.
This observation is in contrast to the therapeutic efficacy of '""Lu-DOTA-Tyr’-
octreotate reported by several investigators employing the CA20948 Lewis rat model.
Erion et al. reported a complete remission of tumor growth in animals treated with 3 x
5.0mCi after a period of 16 months [11]. De Jong et al. reported a similar finding of
complete remission of tumor growth with the same dose regimen for 150 days post
implant, at which time the animals were sacrificed for histology purposes [12]. The
data from the present study suggests that the AR42-J tumor line in Lewis rats is less
sensitive to radiation therapy than the CA20948 tumor model, and may therefore
represent a new and useful animal model for more radio-resistant neuroendocrine

tumors.
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The liver model employing young (4 week old) male Lewis rats injected directly with
AR42-J cells into the portal vein was developed to mimic a metastatic model of tumor
growth. This model, generated with CA20948 tumor cells, was previously shown to
be sst; positive and has been used to demonstrate the radiotherapeutic potential of
several octrectide and octreotate derivatives chelated with In-111 and Y-90 [15]. In
the present study animals treated with 3 x 5.0mCi of 7’Lu-DOTA-Tyr-octreotate at 7,
14 and 28 intervals post injection of cells showed a pronounced therapeutic effect
compared to untreated control animals. By 34 days post injection all of the untreated
animals exhibited overt signs of morbidity, which included extreme lethargy, poor
grooming and significant weight loss. Upon excision, the livers indicated extensive
(~80%) tumor involvement of that tissue. Conversely, the treated animals showed no
signs of morbidity up to the time of sacrifice, and upon excision their livers were
virtually devoid of tumor involvement (<2%). Mean weight in grams of the untreated
animal livers was almost twice the mean weight of the treated animal livers (18.9g vs.
9.9g). These data are in agreement with the CA20948 liver model of de Jong and
Breeman, which was previously shown tc be useful model for mimicking small

metastases to evaluate radiotherapeutic agents for sst, positive tumors [15].

CONCLUSION

The increased interest in and successful demonstration of sst; receptor targeted
radiotherapy is predicated on the judicious selection and combination of animal fumor
models and radionuclides. Thig search has encompassed the evaluation of a number
of beta and Auger emitting isotopes chelated to octreotide and octreotate derivatives
primarily using the CA20948 tumor bearing Lewis rat as the model of choice [1, 6, 7,
9, 10, 12, 13, 16, 24-26]. Up to this point use of AR42-J tumor bearing animals

models has been restricted to either athymic nude or SCID mice, which require more
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elaborate and expensive housing requirements due to their compromised immune
systems. The development of a simple and reproducible rat model would offer
significant advantages over these models from a cost and ease of implementation
strategy. The model systems described were validated for sst. receptor positive
expression using ""Lu-DOTA-Tyr*-octreotate as the agent to test radiotherapeutic
efficacy. In both animal models significant reduction in tumor growth was observed
compared to untreated control animals, and the lack of a complete cure in this AR42-
J flank model suggests that this model is more radio-resistant compared to the

CA20948 |ewis rat model.
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CHAPTER 6

EFFECT OF VARYING SPECIFIC ACTIVITY ON THE
BIODISTRIBUTION OF RADIOLABELED Tyr3-OCTREOTATE IN
TUMOR BEARING ANIMALS

Joseph E. Bugaj, Jack L. Erion, Michelle A. Schmidt, Ananth Srinivasan, Eric P.
Krenning, Lori K. Chinen and Marion de Jong
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ABSTRACT

The increased acceptance of somatostatin (sst;) receptor scintigraphy with '''In-
DTPA-octrectide (OctreoScan), has now led to radiotherapy studies in early human
use trials. Octreotide, when radiolabeled with In-111 using either DTPA or DOTA as
the chelator, has demonstrated a bell shaped curve effect on ssi, positive tissues in
both animal models and humans. The derivative, Tyra-octreotate, which has
demonsirated superior uptake, retention and internalization properties in sst; positive
tissues compared to octrectide, was therefore evaluated in the CA20948 tumor
bearing Lewis rat model after radiolabeling with In-111 (DTPA) and Lu-177 {DOTA)
over a wide range of specific activity levels. In contrast to octreotide, no bell curve
effect was observed in any sst» positive tissues when the agent was labeled with In-
111, and when labeled with Lu-177 the only sst, positive organ showing this type of
effect was the pancreas. Tumor uptake was largely unaffected until very low
(2.5Ci/mmol) specific activity levels were reached, suggesting that a wider window of
peptide to metal ratio with ocireotate is possible when radiclabeling with Lu-177 for
radiotherapy. Therefore, greater flexibility in peptide mass at radiolabeling exists for
this agent in comparison to radiolabeled octreotide, and that very low specific activity
preparations (10-100Ci/mmol) will still result in significant tumor localization. The
superior biological properties and the lack of a bell curve effect on the tumor tissue
support the contention that Tyr-octreotate is the peptide of choice when considering

somatostatin receptor targeted radiotherapy.
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INTRODUCTION

Scintigraphy of somatostatin positive tumors was made possible with the advent of
"In-DTPA-octreotide (OctreoScan), which was introduced to the clinic in 1989
(Krenning et al., 1992; Krenning et al., 1993; Kwekkeboom et al., 1997; Kwekkeboom
et al., 2000; Lamberts et al., 1991; Valkema et al., 1997). Evaluation of this
compound at varying specific activity preparations in rats resulted in the unexpected
biodistribution of the agent producing a bell shaped curve effect on the pancreas,
pituitary and adrenal glands (Breeman et al., 1995). This effect was confirmed in
human subjects bearing sst; positive tumors, where reduced localization of the agent
was observed when the specific activity of the radiolabeled peptide injected
exceeded 1600Cifmmol (Kooij et al., 1998). This observation was contrary to the
expected paradigm that receptor scintigraphy would be best performed at the highest
specific activity obtainable at the time of radiolabeling (Breeman et al., 1995; de Jong
et al., 1999B). This premise is predicated on the saturation effect of cold peptide on
available sst; receptors, and implies that maximum receptor uptake would be
observed at the lowest amount of peptide injected, i.e. the highest specific activity
preparation injected, into the patient. The first chemical modification of octreotide
(Phe'-Phe®) introduced a substitution of tyrosine at the third amino acid position
(Phe'->Tyr®). This modification resulted in improved biclogical characteristics of the
peptide including higher sst> receptor uptake and retention and increased sst»
internalization over the original sequence (de Jong et al., 1997; Hofland et al., 1995).
This new analogue has also been derivatized with the DOTA ligand (Figure 1) to
allow for labeling with the radionuclides In-111 and Y-90 at therapeutic levels (de
Jong et al., 1997; Otte et al., 1997; Otte et al., 1999). These two radionuclides offer
the possibility of radiotherapy utilizing the high-energy beta particle emission from Y-

90 or the Auger electron emissions of In-111 (Andersson et al., 1996; de Jong et al.,
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1999A; Duncan et al., 1993). The """In-DOTA analogue was further evaluated in
tumor bearing rats and also demonstrated a similar bell curve effect, indicating that
maximum uptake, especially at the fumor site, was not achieved at the highest
specific activity tested (de Jong et al., 1999B). This observation (in rats) suggests
that the success of radionuclide therapy with Tyr*-octreotide could be compromised if
the ideal peptide to metal ratio is not achieved at the time of radiolabeling. A second
implication is that the results of the radiotherapy could be quite variable if the specific

activity of the therapeutic preparation is not carefully regulated.

The recent discovery of Tyr’-octreotate, in which the C-terminal threonine has been
retained as the native carboxylic acid as opposed to modification to the alcohol form,
threonineol, has demonstrated superior uptake and retention in sst; positive tissues
in several animal models {Bugaj et al., 2001; Bugaj et al., 2002; de Jong et al., 1998;
de Jong et al., 2001, Erion et al., 1997). The agent has also demonstrated improved
biological characteristics including increased sst; internalization, faster blood
clearance and reduced kidney retention. This molecule has been derivatized with the
metal chelator, DOTA, using standard solid-phase peptide synthesis methods
enabling the facile radiolabeling with Lu-177 (Figure 1). Therapy studies in tumor
bearing Lewis rats (CA20948 and AR42-J) have shown that this compound is a
potent radiotherapeutic agent resulting in complete remission of tumor growth in the
CA20948 Lewis model, and significant suppression of tumor growth in the AR42-J
animal medel (Bugaj et al., 2002; de Jong et al., 2001; Erion et al., 1997). The
radiotherapeutic potential observed with *7Lu-DOTA-Tyr*-octrectate in these animal
models suggests that this compound would be a promising candidate molecule for
targeted radiotherapy of sst; positive tumors in humans. As the human and animal

data with octreotide indicate a mass dependent uptake resulting in an optimum
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peptide dose to achieve maximum sst; receptor uptake, we investigated the effect of
varying the specific activity of Tyr*-octreotate. We evaluated this agent radiolabeled
with both "'In-DTPA and "’Lu-DOTA (Figure 1) over a wide range of specific activity
levels in CA20948 tumor bearing Lewis rats to determine if a mass dependent
peptide to metat ratio exists for either of these two derivatives on sst, receptor

positive tissues.
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Figure 1: Structures of DTPA-Tyr>-Octreotate and DOTA-Tyr*-Octreotate

MATERIAL AND METHODS
Radiochemistry

The preparation of both ""*In-DTPA-Tyr’-octreotate and """Lu-DOTA-Tyr’-octreotate
has been described previously in detail (de Jong et al., 1998; Erion et al., 1997). The
In-111 was supplied by Mallinckrodt Inc. at a specific activity of 10,000Ci/mmol, and
the Lu-177 was supplied by MURR at a specific activity of ~3000Ci/mmol. For these
labeling studies the highest specific activity preparations were prepared first, and the
corresponding lower specific activity preparations prepared by dilution with cold Tyr®-
octreotate to the desired specific activity. The labeling reactions were performed at
room temperature for the In-111 preparation and at 80° C for the Lu-177 preparation.

The reactions were carried out in 50mM NaOAC, 25mM NaAscorbate at a pH of 5.5.
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Radiochemical yields (>99.5%) and radiochemical purities (>98%) were determined
by reverse phase chromatography on an Alitech Adsorboshere C-18 column using
acetonitrile/0.1%TFA gradient {20% to 95% ACN) over a 25 minute time span at
1.0mi/minute. Animal doses were prepared to deliver a constant quantity of
radioactivity (25uCi + 1pCi) per injection. The specific activity levels in Ci/mmol for
the evaluation of "'In-DTPA-Tyr*-octrectate were 5600, 1400, 375, 175, 91, 35, 7.1,
1.4 and 0.10, and the specific activity levels in Cifmmol for the evaluation of '""Lu-

DOTA-Tyrs-octreotate were 2500, 700, 90, 9.0, 2.5, 1.0, 0.25 and 0.10 (Table 1).

Table 1: Specific Activity Study in CA20948 Tumor Bearing Lewis Rats

""|p-DTPA-Y>-Octreotate 77 u-DOTA-Y>-Octreotate
SA Cifmmol «g Peptide/Rat SA Cifmmol HgPeptide/Rat
5600 0.006 2500 0.014
1432 0.023 657 0.049
ars 0.090 88 0.370
175 0.200 9.0 3.60
a1 0.380 2.5 14.4
35 1.00 1.0 35.9
7.1 5.00 0.24 144
1.4 25.0 0.10 359
0.10 358

Animal Tumor Model

All animal studies were conducted in compliance with the Mallinckrodt inc. Animal
Welfare Committee requirements. Male Lewis rats (120-140 g) were purchased from
Harlan (Indianapolis, IN). The somatostatin subtype-2 (sst;) receptor positive acinar
tumor line, CA20948, was maintained by serial passage in Lewis rats (Bugaj et al.,
2001; Bugaj et al., 2002; de Jong et al., 1997; de Jong et al., 1998). Tumor tissue
was implanted into the left flank area of the recipient animals, and after
approximately 10-12 days tumor volumes were adequate for use in the biodistribution

studies.
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Tissue Distribution Studies

Biodistribution studies were carried out in male Lewis rats bearing CA20948 flank
tumors (10-12 days post implant). Anesthetized (Halothane) animals received a dose
of 25l containing a constant amount of 25uCi (+1uCi) of either In-111 or Lu-177 of
the radiotabeled Tyr’-octreotate. The animals were sacrificed at three hours post
injection (n = 3/group) by cervical dislocation. The selected tissues were removed,

weighed and radioactivity measured in a Packard Cobra gamma-scintillation counter.

Gamma scintigraphy was performed using a Picker 300 SX gamma camera
interfaced to a dedicated Odyssey Imaging Processor. The images were obtained
with a large field of view camera fitted with a medium energy collimator, and the peak
energies were centered at 171 and 245 keV for In-111. No scintigraphy was
performed on the animals injected with the 777Lu-DOTA-Tyr-octreotate. All rats were

imaged in the prone position (Figure 5).

RESULTS

Table 2 and Figure 2A present the tissue distribution of *''In-DTPA-Tyr*-octreotate in
CA20948 tumor bearing Lewis rats 3 hours post injection at the different specific
activities evaluated. The data are expressed as percent injected dose per gram of
tissue (% ID/gram). The non-somatostatin receptor expressing tissues of the blood,
liver, muscle and spleen are virtually unaffected by the variance in the specific
activities evaluated. Uptake in the sst, positive tissues of the pancreas and tumor
remained relatively constant from 5800Cifmmol to 35Ci/mmol. From 7.1Ci/mmol
down to 0.10Ci/fmmol there was a significant decrease in uptake until >95%
saturation was achieved at the lowest specific activity evaluated. The other sst,
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receptor positive tissue, the adrenal glands, indicated a similar pattern of uptake but

with greater variability compared to the pancreas or tumor values.
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Figure 2A: Biodistribution of ""'In-DTPA- Figure 3A: Biodistribution of "' In-DTPA-Tyr-
Tyr*-Octreotate in CA20948 tumor Octreotate in three sst, positive tissues of the
beraing Lewis rats. pancreas, tumor and adrenals.

None of the sst; posifive tissues evaluated indicated a distinct bell shaped curve
effect as a function of specific activity as reported for either the DTPA or DOTA
derivative of octreotide. The kidneys indicated an increase in non-specific uptake of
the agent as the specific activity decreased in response to elevated circulating levels
of cold peptide. Figure 3A represents the uptake for the three different sst; receptor
positive tissues as a function of decreasing specific activity. The lack of a bell curve
effect on any of these tissues is readily apparent, especially for the tumor, which
shows only a slight variance in uptake until the specific activity reaches the low level
of 1.4Cifmmol. Figure 4A further depicts the same tissues graphed as a log function
of increasing specific activity. Both the pancreas and fumor show no significant
difference in uptake from 35Ci/mmol to the maximum specific activity evaluated at
5600Ci/mmol. The adrenal uptake also shows no difference in uptake beginning at

35Cifmmol, with the exception of a spike in uptake at 175Cifmmol, which is
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statistically significant (p<0.05) compared to the other data points. With this lone

exception, the adrenal uptake follows a similar pattern observed for the pancreas and

tumor tissues.

Figure 5 shows the images of the rats injected with 25uCi of "''In-DTPA-Tyr*-
octreotate at the difference specific activities listed. The images show intense uptake
of the label in the tumor and pancreas tissues from 5600Ci/mmol down to 35Ci/mmol.
Kidney uptake is obscured by the pancreatic uptake at specific activities form
5600Ci/mmol to 35Ci/mmol, at which time the diminished pancreatic uptake allows
for clear visualization of the kidney structure. Both tumor and pancreas uptake
diminish noticeably beginning at 7.0Ci/mmol and decreases until saturation at

0.1Ci/mmol. Animals injected with ""’LLu-DOTA-Tyr-octreotate were not imaged.

Table 2: Biodistribution of ""'in-DTPA-Tyr*-Octreotate at Varying SA in Ci/mmol
(% IDigram)

Tissue 5600 1400 375 175 90
Blood 0.016+0.002 0.014+0.002 0.019+0.002 0.011+0.001 0.0160.002
Liver 0.025+0.002 0.025+0.003 0.025+0.001 0.024+0.002 0.027+0.001
Kidneys 2.370+0.242 2.203+0.172 2.113+0.194 2.535+0.313 2.644+0.090
Muscle 0.007+0.001 0.006+0.000 0.006+0.000 0.006+0.000 0.007+0.000
Spleen 0.048x0.014 0.037+0.007 0.132+0.034 0.033+0.003 0.044+0.016
Pancreas 9.725+1.471 9.531+0.737 9.977+0.253 10.45+0.325 10.37+0.157
Adrenals 0.470+0.039 0.438+0.040 0.314+0.053 0.540+0.036 0.280+0.045
Tumor 3.660+0.137 3.332+0.053 3.217+0.185 4.413+0.201 3.700+0.321
Tissue 35 7.0 1.4 0.10

Blood 0.01110.001 0.009+0.000 0.009+0.001 0.017+0.003

Liver 0.028+0.001 0.027+0.001 0.034+0.002 0.028+0.003

Kidneys 3.191+0.112 4.003+0.186 4.219+0.172 2.7986+0.223

Muscle 0.007+0.001 0.007+0.000 0.007+0.000 0.007+0.001

Spleen 0.038+0.010 0.021+0.000 0,022+0.003 0.022+0.003

Pancreas 10.47+0.615 3.884+0.023 1.262+0.046 0.114+0.016

Adrenals 0.358+0.026 0.136+0.004 0.041+0.002 0.002+0.000

Tumor 4.333+0.131 2.835+0.122 1.3231+0.108 0.181+0.022
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Table 3 and Figure 2B represent the tissue distribution of '’Lu-DOTA-Tyr*-octreotate
in CA20048 tumor bearing Lewis rats 3 hours post injection at the different specific
activities noted. The data are normalized as percent injected dose per gram of tissue.
As observed with the ""'In-DTPA analogue, the non-somatostatin tissues of the
blood, liver, muscle and spleen were unaffected by the difference in the specific
activity, and none of these tissues indicated any significant accumulation of the
agent. The sst, positive tissues of the tumor and adrenal glands showed a constant
uptake of the agent from 2500Ci/mmel to 100Ci‘/mmol. From 10Cifmmol down to
0.10Cifmmol there was a steady decrease in uptake as a function of decreasing
specific activity until >95% saturation of that tissue was reached at the lowest level

evaluated.
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Figure 2B; Biodistribution of "’Lu-
DOTA-Tyr*-octreotate in tumor bearing
Lewis rats at specific activities outlined
in text.

Figure 3B: Biodistribution of "7.u-DOTA-
Tyr-ocireotate in three sst, positive
tissues of the pancreas, tumor and
adrenals.

Table 3: Biodistribution of " Lu-DOTA-Y*-Octreotate at Varying SA in Ci/fmmo)
(% ID/gramy)

Tissue 2500 700 a0 9.0

Blood 0.007+0.001 0.008+0.000 0.008+0.001 0.007+0.000
Liver 0.110+0.210 0.107+0.008 0,146+0.021 0.117+0.024
Kidneys 1.778+0.088 1.496+0.046 1.744+0.183 2.057+0.050
Muscle 0.005+0.001 0.005+0.000 0.005+0.000 0.004+0.001
Spleen 0.07440.003 0.07740.012 0.067+0.015 0.064+0.009
Pancreas 10.69+0.514 14.20+0.707 16.99+1.614 7.752+0.065
Adrenals 1.120+0.087 1.043+0.034 0.757+0.023 0.216+0.004
Tumor 6.511+0.695 6.570+0.249 6.678+0.229 4.069+0.203
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Tissue 2.5 1.0 0.25 010

Blood 0.008+0.001 0.006+0.000 0.007+0.001 0.005+0.001
Liver 0.111+0.003 0.089+0.002 0.086:0.008 0.067+0.013
Kidneys 2.319+0.140 2.418+0.167 2.278+0.069 1.824%0.260
Muscle 0.005+0.001 0.004+0.000 0.004+0.000 0.003+0.001
Spleen 0.078+0.030 0.039+0.004 0.034+0.001 0.030x0.006

Pancreas 2.793+0.187 1.319+0.099 0.391+0.019 0.156+0.003
Adrenals 0.081+0.001 0.036+0.000 0.012+0.001 0.004+0.000
Tumor 2.428+0.087 1.340+0.053 0.370+0.020 0.180+0.012

For these two tissues no evidence of a bell curve effect was noted. The pancreas
was the only sst; positive tissue that exhibited a bell curve effect observed with Tyr-
octreotate. Highest uptake was observed at 100Cifmmol (p<0.05). The uptake
steadily increased from 2500Cifmmol (10.7% ID/g) with maximum uptake at
100Cifmmol {17.0% 1D/g), then declining proportionately from 10Ci/mmol to >95%
saturation at 0.10Ci/mmol. Figures 3B and 4B represent the uptake of '""Lu-DOTA-
Tyr’-Octreotate in the sst, positive tissues as depicted previously for the In-111
DTPA analogue. Figure 3B indicates that the uptake in the tumor and adrenals
remains very constant from 2500Ci/mmol to 100Ci/mmol, after which a steady
decline to >95% saturation is achieved at 0.10Ci/mmol. The graph also indicates the
only sst, positive tissue, the pancreas, to show a bell curve effect observed in this
study. Maximum uptake for this organ is reached at 100Cifmmol (17%ID/gram), then
declines to >95% saturation at 0.10Cifmmaol. Figure 4B graphically represents the
data as a log function of increasing specific activity, clearly showing the constant
uptake for both the adrenals and tumor beginning at 100Ci/mmol through
2500Ci/mmol. The bell curve effect noted for the pancreas is readily observed in this

format at 100Ci/mmol.
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Figure 4: Uptake of ""*In-DTPA-Y*-Octreotate and '""Lu-DOTA-Y -Octreotate in sst; positive tissues of
the pancreas, tumor and adrenals, as a log function of Increasing specific activity in Cifmmol. Panel A:
"In-DTPA-Y*-Octreotate; Panel B: 7’ Lu-DOTA-Y?-Octreotate.
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Scintigraphs of
injected rats with
25uCi of "'in-
DTPA-Tyr-
octreotate at
different specific
activities.

A: 5600Ci/mmol,
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DISCUSSION

Successful therapy of sst; positive tumors using radiclabeled peptides will be highly
dependent upon maximizing uptake and retention of these agents at the tumor sites.
Treatment of neuroendocrine tumors has been reported using Tyr’-octreotide
radiolabeled with either In-111 or Y-90 (de Jong et al., 1999A; Kwekkeboom et al.,
2000; Otte et al., 1997; Otte et al., 1999). To date objective responses have been
observed with the In-111 chelate after injection of up to 3.0 Ci of activity per patient
(Valkema et al., 2002). Treatment with the *°Y-DOTA analogue has also resulted in
>20% objective response in terms of partial or complete response to radiotherapy
{Chinol et al,, 2002). The %0y_DOTA-octrectide studies do require the infusion of

amino acids to renal toxicity associated with Y-80.

The recent discovery of "’Lu-DOTA-Tyr*-octreotate as a radiotherapsutic agent has
demonstrated superior therapeutic potential in several animal models compared to
radiolabeled octreotide (de Jong et al., 2001; Erion et al., 1997). This peptide has
shown to have greater uptake and retention in sst; positive tumors, and improved
biological properties including faster blood clearance and reduced renal uptake (de
Jong et al, 1998; Erion et al, 1997). The radionuclide Lu-177 has improved
properties over Y-90, Re-188, In-111 and Sm-153. The low & emission (497
KeVemax), longer 4412 (6.7 d) and high radiospecific activity (>3000Ci/mmol) make this
radionuclide an ideal candidate for radionuclide therapy. Additionally, Lu-177
possesses a low energy gamma emission (11%, 208 keV) that is very suitable for
scintigraphy and allows for a convenient tracer emission for performing dosimetry

calculations (Erion et al., 1997). Since it is a reactor product this radionuclide
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presents additional advantages with regard to cost, scalability and availability over

radicisotopes produced by other methods.

The studies presented here demonstrate that sst: receptor uptake at the tumor site is
not affected by a large variance in specific activity when Tyr’-octreotate is
radiolabeled with either In-111 (DTPA) or Lu-177 (DOTA). This represents a distinct
advantage over octreotide derivatives, which require optimization of the specific
activity in order to maximize tumor uptake (Breeman et al.,, 1995; Breeman et al.,
1996; Breeman et al., 1997; de Jong et al., 1999B). Therefore, in animal studies, the
success of receptortargeted radiotherapy with octreotide requires stricter
manipulation of the radiolabeling conditions in order to achieve maximum therapeutic
effect of the agent. Tyr’-octreotate is not as limited by these parameters, and as the
rat tumor model indicates, even very low specific activity preparations (10-
100Ciimmol} will result in significantly higher uptake and internalization of the
complex compared to octreotide. Optimization of the specific activity at the time of
initial radiolabeling is not necessary for the octreotate derivatives, and therefore, the
likelihood of successful radiotherapy is increased with this peptide. When
radiolabeled with In-111, DTPA-Tyr’-octrectate showed no evidence of a bell curve
effect on the sst; positive tissues of the pancreas, adrenal glands or the tumor. When
radiolabeled with Lu-177 (DOTA) only the pancreas demonstrated this type of effect
as observed with octrectide. It is hypothesized that the increased internalization rate
for octreotate compared to octrectide results in a more uniform uptake of the peptide
by the receptors thereby negating any influence of peptide mass at the receptor site.
The effect of specific activity at the receptor site would be more pronounced with a
peptide with a slower internalization rate, compared to peptides that internalize very

rapidly (Andersson et al., 1996; Hofland et al., 1995). Precedent for this hypothesis
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exists from the observations of Bresman in that the specific activity effect on sst,
positive tissues is less pronounced for Tyr’-octreotide than for Phe®-octrectide (de
Jong et al., 1999B). In this case greater affinity for the sst; receptor and an increased
internalization rate of the Tyr® derivative are cited as the primary contributing factors

for the difference between the two derivatives.

The lone exception to the lack of a bell curve effect with octreotate was observed
with 7’Lu-DOTA complex on the pancreas. Here it can be argued that other factors
such as increased sst; receptor density and receptor clustering specifically for the
pancreas can contribute to this difference in uptake as a function of peptide mass
present (de Jong et al., 1999B). There is also the possibility that the difference can
be attributed in part to the lutetium metal compared to indium incorporated in the
chelate. Effect on uptake at the sst, receptor sites as a function of the metal chelate
has been reported by Reubi et al., in which the binding affinity of different octreotide
and octreotate ligands varied considerably as a result of structural modifications,

chelate substitution and metal replacement (Reubi et al., 2000).

Conclusion

The success of consistent and effective radiotherapy in humans would be best
achieved if tumor uptake of the labeled complex is largely unaffected by specific
activity. If maximum tumor uptake is highly dependent on the peptide mass effect at
the time of radiolabeling, large variance in the resulting specific activity of the
preparations could result in sub-optimal tumor uptake, thereby limiting the desired
radiotherapeutic index (Kooij et al., 1998). Derivatives of octreotide radiolabeled with
In-111 (DTPA or DOTA) have demonstrated this limiting effect on tumor uptake in

both rats and humans, and therefore, additional control at the initial time of

116



preparation carefully regulating the final specific activity is required (Breeman et al.,
1995; Breeman et al., 1996; de Jong et al., 1999B). In contrast, when radiolabeled
with either In-111 or Lu-177 Tyr’-octreotate demonstrates essentially no bell curve
effect on these tissues until near receptor saturation levels (~1.0Ci/mmol). Even at
low specific activity preparations of ~100-10Ci/mmol, the studies presented here
show that significant tumor uptake is achieved, and that this uptake is largely
unaffected at specific activity levels from 10Cifmmol to 2500-5600Ci/mmol,
depending upon the radionuclide used. These data suggest that consistent and more
successful radiotherapy would be predicted from the use of Tyr*-octreotate as the

radiolabeled peptide in targeting the sstx receptors on neuroendocrine tumors.
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CHAPTER 7

TRANSFECTION OF THE RAT TUMOR LINE MAT-B WITH THE
hsst; RECEPTOR FOR THE EVALUATION OF RADIOLABELED
SOMATOSTATIN ANALOGUES

Joseph E. Bugaj, Jack L. Erion, Michael A. Johnson, H. Bert Bernard, Eric P.
Krenning and Marion de Jong
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ABSTRACT

Somatostatin (sst) receptors are expressed on a number of human tumors of
neuroendocrine origin. These include pancreatic (neuroendocrine), gliomas,
astrocytomas and certain lymphomas. Currently, five somatostatin subtypes (ssty.s)
have been identified and cloned. Development of somatostatin subtype specific
radiopharmaceuticals would be an important advancement for diagnostic and
therapeutic agents that target these specific subtypes. The expression of the different
subtypes in tumor bearing animal models would contribute significantly to the pre-

clinical development of these agents,

A DNA fragment coding for the human somatostatin subtype-2 receptor (hsst;) was
ligated into an expression vector designed to express the gene in either bacterial or
mammalian cells (pcDNA3.1). The plasmid construct {pchSSTR3) was transformed
into £. cofi and a single bacterial colony containing the plasmid was isolated. The
plasmid was further isolated from a large-scale bacterial culture, purified and then
transferred into the Chinese hamster ovary (CHO-K1) mammalian celi line. Clones
were selected using G418 drug selective pressure techniques, and were shown to be
positive for the uptake of the somatostatin analogue '"In-DTPA-Octrectide. The
plasmid was then transfected into the mammalian cell line, Mat-B, a rat mammary
adenocarcinoma. Following selective drug pressure (G418), a single clone (Mat-
B/hsstyd) was isolated and shown to express a high level of hsst, receptors in a cell-
binding assay. Mat-B cells transfected with the pchSSTR; clone and wild type Mat-B
cells (negative control cells) were injected into female Fischer 344 rats. Eight days
post injection tumor growth was noted in all animals, Animals that received the sst,
positive clone demonstrated a >50 fold increase in the uptake of '"In-DTPA-Tyr-

octreotate compared {o the animals injected with the wild type Mat-B cells.
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Radiotherapy was performed on animals expressing the positive clone (Mat-B/hsstzd)
by treatment with ""Lu-DOTA-Tyr’-octreotate. Animais that received a therapeutic
dosing regimen of 2 x 5.0mCi of ""Lu-DOTA-Tyr’-octreotate at 5 day intervals
indicated a reduced growth rate of the tumor volume (p <0.05). Tumor growth was
significantly delayed in the treated animals compared to unfreated controls. This
novel in vivo sst; expression system demonstrates that tumor-bearing animals that
are normally negative for the expression of a given receptor can be made to express
foreign receptors in high number. These genetically modified tumor lines can be
induced in suitable rodent animal models for the pre-clinical evaluation of potentially

new diagnostic and therapeutic radiopharmaceuticals.

INTRODUCTION

The somatostatin receptor (sst) is a member of a family of proteins kﬁown as G-
coupled protein receptors. Currently, five different subtypes (ssty.s) have been
identified on human tumors, and all 5 subtypes have been cloned, sequenced and
expressed in different mammalian cell lines (Breeman et al., 1996; de Jong et al,,
1999; Boerman et al., 2000). The somatostatin subtype-2 receptor (ssty) is the most
characterized of the & subfypes. The introduction of OctreoScan as a diagnostic
agent targeted to this receptor in 1994 has led to a number of other analogues that
target this subtype (Krenning et al., 1993; Krenning et al., 1994). A number of other
somatostatin analogues have since been evaluated in several tumor bearing animal
models as potential diagnostic and therapeutic agents targeted to neuroendocrine
tumors. These agents now include chelation with a variety of beta emitting
radionuclides (Y-90, Re-188, Sm-153 and Lu-177) that are used to ablate tumors that
express this subtype. The nanomolar affinity of these analogues for the sst, receptor

have led to impressive pre-clinical therapy results in animal models bearing CA20948

123



and AR42-J tumor cells (Zamora et al., 1997; Stolz et al., 1998; de Jong et al., 1998,

de Jong et.al, 1999; Erion et al., 1999; Bugaj et al., 2002).

Native somatostatin (sstzg) is a peptide hormone whose main function is the inhibition
of secretion of other hormones including insulin, glucagon and gastrin, and also acts
as a neurofransmitter in the brain (Brezeau et al.,1982; Breeman et al., 1996;
Boerman et al, 2000). The truncated form of sstz somatostatin-14 (sstys) is
produced by degradation of native somatostatin, and its natural inhibitory effect on
hormone production led to the development of this peptide as a potential therapeutic
agent for neuroendocrine tumors including pituitary adenomas and
gastroenteropancreatic origin (Fishman et al., 1993; Breeman et al., 1996). Both sstyg
and ssti4 demonstrate high affinity (1-6nm) for all five receptor subtypes. However,
both forms of the peptide are highly unstable to serum proteases in vivo (tyz ~3
minutes) which limited their clinical applications severely. As a result, an eight amino
acid derivative, octreotide, was developed that is more resistant to enzymatic
degradation in vivo. This octapeptide was shown to have high affinity for sst; (0.4nm),
and ssts (7nm), and to a lesser degree ssts (35nm). In vivo blocking studies using
cold peptide confirmed that the compound is sst, receptor specific. It does not bind to
either sst; or ssty (>1000nm). The peptide was derivatized with the chelate DTPA,
and labeled with the radionuclide In-111, resulting in the agent OctreoScan, that is
now widely accepted as the gold standard for scintigraphy of sst; positive tumors in
humans (Breeman et al., 1996; Krenning et al., 1993; Krenning et al., 1994; Reubi et
al., 2000). Since then, & humber of octrectide derivatives radiolabeled with Tc-99m
and In-111 for scintigraphy, and more recently with the beta particle emitting
radionuclides Y-90, Sm-153, Re-188, Cu-84 and Lu-177 for radictherapeutic

applications of sst, positive tumors have been proposed (Anderson et al., 19986;
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Anderson et al., 1998; Lister-James 19986; Zamora et al., 1997, de Jong et al., 1999;

de Jong et al., 2001; Erion et al., 1999; Bugaj et al., 2002).

Presently, the evaluation of novel compounds (Lanreotide and Vapreotide) for
binding to the various somatostatin subtypes has largely been limited to the
determination of ICs values on CHO-K1 cells for expression of sst; and ssts, and for
the expression of sst,, ssts, ssty on CCL39 cells (Virgoloni et al., 1998; Smith-Jones
et al., 1999; Virgolini et al., 2000). Recently the in vivo imaging of gene expression of
sstz through the use of a radiolabeled peptide that binds directly to a reporter
receptor expressed in tumor target tissues has been published. This approach uses
the adenoviral vector, Ad5, which encodes the human sst, receptor (hssty). The
vector (AdS-CMVhSSTr2) is injected directly into A427 tumor bearing athymic nude
mice, which is normally negative for hsst, expression. Following iv. injection of
$9mTe-P829g, a somatostatin avid peptide, a 5-10 fold increase in accumulation of the
radiotracer in the tumors directly injected with the hsst; positive vector (Ad5-
CMVhSSTr2) over tissues injected with the control vector alone (Ad5) was observed
(Zinn et al., 2000). This system is limited, however, in that the expression vector must
be directly inoculated into the tumor, and does not reflect the expression of a
receptor by tumor tissue under natural conditions. It also does not iimit the
tocalization of the vector to the target tissue, but allows for the potential release and
subsequent localization of the expression vector in non-target tissue. An
improvement in this delivery system involves the same tumor line and vector
systems, but the vector encoding the sst, receptor is regionally (intraperitoneal)
injected into the host animal and then preferentially localizes in the tumor after 48
hours. The same system for in vivo imaging of the tumor with **™Tc-P829 or "In-

DTPA-octreotide is utilized (Rogers et al., 1998). Both of these systems are useful for
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the imaging of gene expression and could be used for monitoring the location and

level of transferred gene expression,

Useful to the research laboratory would be in vivo tumor bearing rat models that can
be genetically modified to naturally express the other somatostatin receptor subtypes
in sufficient number to evaluate novel radiopharmaceuticals that target these receptor
subtypes. This technique would limit the receptor expression to the target tissue
(tumor) and not be expressed elsewhere /n vivo. This concept can be further
broadened to include tumor lines that do not naturally express target receptors to
express virtually any receptor of interest, i.e. prostate, bombesin, VIP, EGF etc. If the
host tumor cells could be genetically modified through the insertion of a stable
transfection of the gene encoding for the desired receptor, this technique would
produce rodent models that could be used to evaluate a wider variety of novel
diagnostic and therapeutic radiopharmaceuticals. The choice of genetically modifying
rat tumor lines allows for the easy propagation of the tumors in animals that require
relatively simple maintenance compared to athymic nude or SCID mice that require

sterile barrier facilities for survival.

We therefore chose to genetically modify the Mat-B tumor line, a rodent mammary
adenocarcinoma that does not naturally express sst; with a plasmid that encodes the
human (hsstz) receptor, pchSSTR., We then evaluated this transfected tumor line
first for the expression of the hsst, subtype using '*'In-DTPA-Tyr’-octreotate as the
diagnostic marker, and then subsequently ireated animals bearing the modified
tumor line with ""’Lu-DOTA-Tyr*-octreotate to demonstrate the radiotherapeutic

potential of the model.
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MATERIALS AND METHODS
Lambda hsst, DNA Preparation

A lambda phagemid containing a 1.3KbBamH-1/Xba-1-fragment encoding the hsst;
was purchased from ATCC. This fragment was ligated into the EcoRV site of the
plasmid pcDNA3.1 (Invitrogen) using standard molecular biology techniques. The

resulting plasmid was labeled pcDNA3.1

Transfection and Selection of Mammalian Cells

The pcDNA3.1 plasmid/hsst, consiruct was first transfected into Chinese hamster
ovary (CHO-K1) cells (ATCC). A sample of the pcDNA3.1/hsst; plasmid DNA was
linearized following digestion with the restriction enzyme Bglil. CHO-K1 cells were
propagated in 8-well plates to 75% confluence. The cells were transfected with
pcDNA3.1 plasmid/hsst; using Lipofectamine Plus transfection solution (Invitrogen)
according to manufactures instructions. The cells were then trypsinized, and
transferred to 24 well plates. Colonies were selected using growth media containing
Gentisin (G418) as a selective marker. Sixteen drug resistant colonies were isolated.
All 16 colonies were then subjected to a receptor-binding assay containing ''In-
DTPA-octreotide as the radioactive trace, and increasing concentrations of Tyr’-
octreotide as the cold competitor. The cells were counted in a Cobra scintillation
counter (Packard Instruments), and the presence of hsst, receptor expression was
confirmed in all 16 colonies, with one colony (CKO-F) showing 2X binding affinity

compared to the other cells.

The same transfection procedure of the pcDNA3.1/hsst, construct described for the
CHO-K1 cells was performed in the rat mammary adenccarcinoma cell line, Mat-B.

Following selection from G418-containing media, a receptor-binding assay of the
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colonies resulted in a single genetically modified Mat-B cell line clone identified as

Mat-B/hsstad.

Receptor Binding Assays

Receptor binding assays on the CHO/hsst; and Mat-B/hsst.d receptor positive cells
were performed using ""'In-DTPA-Tyr*-octreotate as the radioactive trace and Try®-
octreotide as the cold competitor. Briefly, cells were cultured in 24-well dishes to 80%
confluence. After washing with PBS, binding buffer containing radioactive trace and
increasing amounts of competitor (Tyr*-octrectide) was added to each well and
incubated at RT for 2 hours. The cells were then aspirated and washed to remove
unbound label. Cells were counted in a gamma counter (Packard Cobra counter) and
the 1Cso values were calculated using a four-parameter curve fitting routine using the

program GraFit (Erithacus, UK).

Internalization Assays

Internalization and cell uptake assays were performed using '"’Lu-DOTA-Tyr*-
octreotate, '#I-Tyr*-octreotide and '*°|-DOTA-Tyr’-octreotate as radiolabeled
peptides, and Tyr*-octreotide as the cold competitor. Subconfluent cell cultures were
transferred to six-well plates 24 hour before start of the assay. Cells were washed
twice with 2 mL phosphate buffered saline (PBS) at 37°C. Incubation was started by
addition of 1.0 mL incubation medium {(RPMI 1640 (Gibco), supplemented with 20 mM
Hepes (Sigma) and 1% bovine serum albumin (Sigma) containing 40 kBg of
radioligand. Cells were incubated for 60 minutes at 37°C. Receptor specificity for *#°I-
Tyr*-octreotide and,'®|-DOTA-Tyr-octreotate, was determined by incubating the cells

with 1 nM radiolabeled peptide and with an excess of Tyr’-octrectide (1 pM).
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Internalization studies of "’Lu-DOTA-Tyr-octrectate were conducted in cells

incubated from 1 to 1000 nM excess of Tyr*-octreotide.

Internalization was quenched by removing medium from the cells and washing twice
with 2.0 mL ice cold PBS. To discriminate between internalized and non-internalized
(surface-bound) peptide, intact cells were incubated 10 minutes RT with 1.0 mL 20
mM sodium acetate (pH 5.0) in PBS. The cells were next solubilized with 1.0 mL
NaOH (0.1 M). Internalized and surface-bound radioactivity was determined by
measuring the different fractions in én LKB-1282-Compugamma system and
expressed as a percentage of the applied dose per mg cellular protein. Profein was
determined using a commercially available kit (BioRad, The Netherlands). Data are

presented as the mean + SD for triplicate incubations.

Tumor Model

All animal studies were conducted in compliance with the Mallinckrodt Inc. Animal
Welfare Committee requirements. The Mat-B/hsst.d cells were harvested from T-75
flasks and diluted in PBS at 5.0 x 10° cells/ml. Female Fischer 344 rats weighing
approximately 120 grams were first anesthetized with Halothane gas, and then
injected subcutaneously in the left flank area with 500l of cell suspension. Palpable
masses were present after 7 days post injection of cells. The animals used in the
biodistribution studies were at 10 days post injection when the tumor masses were
approximately 2.0grams. For the radiotherapy studies, animals were treated after 7

days post injection of cells when the tumor masses were ~300mm®in volume.

126



Radiochemistry
The synthesis of both the DTPA-Tyr*-octreotate and the DOTA-Tyr*-octreotate has

been previously described in detail (de Jong et al., 1998; Erion et al., 1999). For use
in the biodistribution studies, the In-111 was obtained from Mallinckrodt at
10,000Ci/mmol. Labeling of the DTPA-Tyr’-octreotate was performed at room
temperature for 15 minutes in 30mM NaOAc, 15mM ascorbate at a pH of 5.5 using
0.10ug of peptide with 500uCi of In-111 per reaction. The peptide was labeled to a
specific activity of 1000Ci/mmol. Radiochemical yield (>99%) and radiochemical
purity (>98%) were determined by reverse phase chromatography on a Vydac C-18
column using acetonitrile/0.01% TFA gradient (5% to 70% ACN) over a 20 minute

time span at 1.0ml/min. The retention time of the labeled peptide was 12.38min.

For the radiotherapy study, the Lu-177 was obtained from MURR at 3000Ci/mmol.
Labeling of the DOTA-Tyr’-octreotate was performed at 80°C in 30mM NaOAc,
15mM ascorbate for 15 minutes at a pH of 5.5 using 0.10ug of peptide with 50mGi of
Lu-177 per reaction. The peptide was labeled to a specific activity of ~700Ci/mmol.
Radiochemical yield (>99%) and radiochemical purity (>98%) were determined by
reverse phase chromatography on a Vydac C-18 column using acetonitrile/0.01%
TFA gradient (5% to 70% ACN) over a 20 minute time span at 1.0mifmin. The

retention time of the labeled peptide was 12.45min.

Tissue Distribution Studies

A bicdistribution study in Fischer 344 rats bearing the Mat-B/hsst.d tumor line, and in
control rats bearing the wild type Mat-B cell line. This was done to establish that the
resuiting tumors from the Mat-B/hsstzd cell line were somatostatin positive by

scintigraphy, and that the wild type tumors were not sst. positive. Anesthetized

130




(Halothane) animals received 25ul (25uCi) of ""'In-DTPA-Tyr’-octreotate via the
jugular vein. The rats were divided into two groups (n = 3 per group) and sacrificed at
3 hours post injection by cervical dislocation. Scintigraphic images were obtained
using a Picker 3008X gamma camera interfaced to a dedicated Odyssey image
processor. A large field of view camera using a general-purpose medium energy
collimator with the peak energy centered at 171 and 245 keV for In-111 was used to
collect the images for 100K counts. Selected tissues were removed for radioassay,

weighed and counted in a Packard Cobra gamma scintillation counter.

A full biodistribution was then conducted on animals bearing the Mat-B/hsst.d cell
line. Anesthetized (Halothane) animals received 25ul (25uCi) of "'In-DTPA-Tyr-
octreotate via the jugular vein. The rats were divided into two groups (n = 3 per
group) and sacrificed at 1, 4 and 24 hours post injection by cervical dislocation. Urine
and feces was collected at the 24-hour time point to determine the route of excretion
of the agent, and to determine overall recovery of the injected trace. Scintigraphic
images were obtained as noted previously. Tissues and organs of interest were
removed for radioassay, weighed and counted in a Packard Cobra gamma

scintillation counter.

Radiotherapy

A radiotherapy study was conducted on animals bearing the Mat-B/hsst,d tumor. The
study was performed on animals at 7 days post injection of cells when the tumors
were ~300mm? at the onset of the study. Animals (n =8 per group) were randomly
divided into two study groups and treated animals received two doses of 5.0mGCi of
77Lu-DOTA-Tyr*-octreotate at via the jugular vein 5 days between doses. The control

group (n = 8) received no treatment. Animals were weighed and tumor volumes on all
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animals were measured with calipers every three days until the conclusion of the

study.

RESULTS

Receptor Binding Assay

Figure 1 shows the binding of "'In-DTPA-Tyr*-octreotate to three transfected CHO
cell lines and the CHO-WT negative control cell line. Binding of the trace to the CHO-
F subclone was twice that of the two other CHO sst+ subclones, CHO-A and CHO-B.
The CHO-WT cell line showed no affinity for the radioactive trace. Using this method,
the data from the modified cell lines allowed for the selection of the plasmid clone
from the CHO-F sst+ cell line for subsequent transfection into Mat-B cells. The ICs
values were also determined for the CHO/hsst; and Mat-B/hsstzd cells were 3.5nm
and 4.0nm respectively (data not shown). We have used this type of assay with
CA20948 membrane preparations to screen a number of somatostatin analogues.
The values for these two lines are very similar for other somatostatin analogues on
the pancreatic acinar CA20948 tumor line that expresses high levels of sst; receptor
(Bugaj et al. 2001). The low nanomolar affinity for '''In-DTPA-Tyr*-octreotate in these
two cell lines confirms the high level of expression of the hsst, receptor in these two

lines in vitro.
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Response

[Inhibitor]

Figure 1: Competitive binding curve of '"'In-DTPA-Tyr*-octreotate to different CHO celi lines
in the presence of increasing concentration of cold peptide. Filled circles (o) = CHO-F(sst+);
open circles (O) = CHO-WT(sst-) cells; open squares (o) = CHO-A (sst+)cells; filled squares
{m) = CHO-B (sst+). Plasmid clone for subsequent Mat-B transfection selected from CHO-
F(sst+) cell line.

Internalization Assays

Binding and internalization of radioicdinated Tyr®-octreotide and '*I-DOTA-Tyr®-
octreotate was studied in three somatostatin positive celf lines and a negative control
cell line. Rat pancreatic cells CA20948, CHO/hsst; cells and Mat-B/hsst:d cells are

all SSTR positive, while the ARO cell line is SSTR negative.

Figures 2A shows that internalization '?°|-Tyr>-octreotide in the somatostatin positive
cell lines was receptor specific. Internalization decreased significantly in the presence
of 1 uM Tyr’-octreotide compared to 1nM concentration. There was no internalization
in the somatostatin receptor negative ARO cell line even at 1nM. Internalization in
the cell lines evaluated was essentially the same, however the Mat-Bd (sst +) cell line
demonstrated the highest internalization in % bound /mg protein (%B/mg) compared

to the other two sst+ cell lines.
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Figure 2B shows that internalization '*l-DOTA-Tyr>-octreotate in the receptor sst,
positive cell lines was receptor specific. Internalization decreased significantly in the
presence of 1 uM Tyr’-octreotide. There was no internalization in the receptor sst;
negative ARO cell line even at 1nM. Internalization of, - DOTA-Tyr*-octreotate
was significantly higher than the internalization of °I-Tyr’-octreotide (Figure 2A).
The Mat-B sst(+) cell line had the highest internalization in %B/mg protein at 77%,
followed by the CA20948 cells. The uptake of '#I- DOTA-Tyr’-octreotate
demonstrated a similar internalization profile in these three cell lines as cohserved
with "®|-Tyr-octreotide, with the exception of significantly greater internalization

rates.
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Fisgure 2; internalization of different octreotate derivatives in sst; positive cell linesin vitro. A:
2| -Tyr-octrectide at 60 minutes in CA20948 (sst+), Mat-B/hsst, (sst+) and ARO (sst)-
Internalization expressed as %Bound/mg protsin at two different concentrations. B: "2(-Tyr>-
octreotate at 60 minutes in the same cell lines.
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Figure 2C shows the internalization '""Lu-DOTA-Tyr*-octreotate in the different
receptor sst; positive cell lines is receptor specific. Internalization decreased
proportionately in the presence of an increasing concentration of cold Tyr-octreotide.
High rate of internalization were observed at concentrations between 1-50nM, and
evidence of receptor saturation occurring between 500-1000nM excess peptide for all

three cell lines evaluated.

CA20948 celt line CHO s5t2 cell line
150+ 150+
-
‘?a 1004
-
3t 504
e
1 & 10 50 100 500 1000
nM
160+ Figure 2C: "'Lu-DOTA-Tyr"-octreotate in
= three sst+ cell lines, CA20948, CHO-K1
Py and Mat-B/sst,. Internalization was
o 1001 normalized to 100% and then evaluated as
g an increasing concentration to saturation at
» 1000nM.
® 507
0

T 5 10 50 100 500 1000
nM

Table 1. Biodistribution of "' In-DTPA-Y*.Octreotate in Selected Tissues from Mat-B WT and hsst,
Tumor Bearing Rats 3 Hours Post Injection {Percent Injected Dose / gram % SE)

Tissue Mat-B WT Mat-B hssta

Blood 0.02040.002 0.01910.001
Muscle 0.012+0.001 0.01040.001
Kidneys 3.80640.239 3.863+0.234
Tumor 0.037£0.007 2.002+0.290
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Tissue Distribution Studies

The initial biodistribution study was performed to establish that the Mat-B/hsstyd
tumors expressed the hsst; receptor in sufficient density to be visualized by
scintigraphy and quantitated after injection with "'In-DTPA-Tyr*-octrectate. The
study was also conducted to confirm that wild type Mat-B tumors grown in the same
animal model do not express the sst; receptor. Table 1 and Figure 2 shows that the
uptake of the radiotracer in the Mat-B/hsst,d tumor bearing animals was 2.00%
[Dfgram versus only 0.038% ID/gram for the wild type, which represents a >50 fold
increase in uptake for the cell line encoding the hsst, receptor. The uptake in the
other sst, positive organ of the pancreas was high in both groups of animals. Uptake
in the non-somatostatin expressing tissues of the blood, muscle and kidneys was
also equivalent for both groups. The comparative scintigraph (Figure 5) shows the
strong localization of the radiotracer in the animals bearing the Mat-B/hsst.d tumors
(left flank) compared to the lack of detection of the tracer in the flanks of the animals

bearing the wild type Mat-B tumors.

Table 2. Biodistribution of """In-DTPA-Y’-Octreotate in Mat-B hsst, Tumor Bearing Rats
{Percent Injected Dose / gram & SE)

Tissue 1 hour 4 hours 24 hours

Blood 0.049+0.011 0.01810.004 0.007+0.001
Liver 0.048+0.008 0.038+0.008 0.028+0.002
Kidneys 2.759+0.648 4678+1.377 2.961+0.069
Muscle 0.010£0.002 0.00610.001 0.005+0.000
Spleen 0.048+0.006 0.03610.005 0.053x0.023
Heart 0.040+0.009 0.02410.003 0.014£0.001
Pancreas 11.85+£1.626 10.9210.912 6.491+0.601
Sm. Intes. 1.623:+0.340 1.241+0.085 0.682:0.115
Stomach 1.468+0.333 1.967+0.769 1.002+0.269
Bone 0.17610.026 0.132+£0.017 0.170+0.008
Tumor 2.10120.270 2.203+£0.330 0.683+0.031
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Figure 3: Biodistribution of "' In-DTPA-Tyr*- Figure 4: Biodistribution of " In-DTPA-Tyr*-
octreofate in Fischer 344 rats bearing Mat-B octreotate in Fischer 344 rats bearing Mat-
{WT) and Mat-Brhsst, tumors. Selected tissues B/hsst, tumors. Tissues were removed at 1, 4
{blood, muscle, kidneys and tumor) removed at and 24 hours post injection with 25uCi of
3 hours post injection with 25uCi of radiclabel. radiolabel.

The full biodistribution study (Tables 2 and 3; Figure 4) shows the distribution over a
24-hour time frame for the uptake and retention of '"'In-DTPA-Tyr-octreotate in
Fischer 344 rats bearing Mat-B/hsstd tumors. At 1, 4 and 24 hours post injection
tumor uptake was 2.10%, 2.20% and 0.68% ID/gram. Uptake in the other two sstp
positive organs, the pancreas and the adrenal glands was high and consistent with
this agent. The other non-somatostatin expressing tissues including blood, liver,
muscle and spieen and heart were all low. Kidney retention was consistent at the
three time points at ~3.0% ID/gram of tissue. Uptake for the agent is higher in this
somatostatin receptor negative organ due to the known metabolism of this
octapeptide to the first amino acid ('*'In-DTPA-D-Phe'), which becomes trapped in
the renal tubules. Urinary clearance was relatively high at 56% at 24 hours, and fecal

excretion low at 9.8% at the same time point.

Figure 5 shows the scintigraphs of tumor bearing animals (A) Mat-B (WT) and (B)
MatB/hsst;. The Mat-B (WT) show no localization of the radiolabeled peptide at the
tumor site, while there is a strong signal for the animals bearing the MatB/hsst,

tumor.
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Figure 5. Scintigraphs of animals bearing the Mat-B (WT) tumor and the Mat-Brhsst, tumor in
the left flank area. Animals were injected with 25pCi of " In-DTPA-Tyr*-octreotate and imaged
3 hours post injection. A: Mat-B (WT) tumor bearing rats, B: Mat-B/hsst, tumor bearing rats.
Turmnor location denoted bv arrows.

Fi19ure 6: Scintigraphs of animals bearing Mat-Brhsst; tumors in left flank injected with either
"In-DTPA-Tyr*-octreotate or "’ Lu-DOTA-Tyr*-actreotate and imaged at 3 hours post injection.

A: Animals injected with 25uCi of '"In-DTPA-Tyr*-actrectate; B: animals injected with 250uCi of

77Lu-DOTA-Tyr-octrectate. Tumor location noted with arrows.

Table 3. Biodistribution of ""'In-DTPA-Y*-Octreotate in Mat-B hsst, Tumor Bearing Rats

{Percent Injected Dose / organ 1 SE}

Tissue 1 hour 4 hours 24 hours
Blood 0.340+0.079 0.126+0.028 0.051+0.005
Liver 0.282+0.047 0.207+0.027 0.192+0.016
Kidneys 3.338£0.794 3.781+0.626 3.660+0.046
Muscle 0.659£0.149 0.360+0.,059 0.318+0.008
Spleen 0.024+0.003 0.020+0.003 0.034+0.015
Heart 0.021+0.005 0.013+0.001 0.006+0.001
Pancreas 8.175+1.112 6.269+0.542 3.848+0.304
Adrenals 0.724+0.119 0.84310.143 0.661+0.044
Stomach 3.010£0.411 3.32010.535 1.5634+0.047
Bene 1.428+0.210 1.069+0.174 1.37810.053
Tumor 4.263+0.599 6.600+1.118 3.432+0.520
Urine 55.74+3.089
Feces 9.785+1.327
Total Excreted 65.52+4.32
Total Recovered 80.7414.98
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Demonstration of the localization of '’Lu-DOTA-Tyr-octreotate in Mat-B/hsst,
animals is demonstrated in Figure 6. At three hours post injection comparable
scintigraphs between the 111-In or Lu-177 analogues were obtained, and indicated

high and equivalent uptake of both radionuclides in this tumor model.

Radiotherapy

Figure 7 shows the survival curve and tumor volumes for animals at 7 days post
injection of cells. In this study the average tumor volume at the start of the study was
~300mm? for all animals. The curve compares animals treated with 2 x 5.0mCi of
"7Lu-DOTA-Tyr’-octreotate at 5 day intervals compared to untreated control animals.
In this study all animals were sacrificed at 17 days post injection of cells. The mean
tumor volume for the treated group was 15,600mm® versus 28,000mm?® (p < 0.05) for
the untreated control group. As can be seen from the figure, tumor growth was very
rapid in the control group and delayed in the treatment group. However, all animals
showed evidence of increasing tumor growth, and by 17 days post injection all

untreated animals were sacrificed,
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Figure 7. Tumor growth curves in therapy study for animals bearing Mat-B/hsst, tumors. Tumor
volumes (mm®) in untreated animals (open circles) and animal treated with 2 x 5.0mCi "' Lu-DOTA-

Tyr’-octreotate at 5 day intervals (fifled circles) All animals were sacrificed at 17 days post incculation
of cells (See text for details).
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DISCUSSION

The objectives of this study were (1) to construct a plasmid encoding for the hsst,,
and (2) induce the expression of the sst; gene in mammalian cell lines normally
negative for expression of that receptor. The transfected cell lines demonstrated a
high level of expression of the hsst, gene by receptor-binding and internalization
assays. Additionally, the development of an hsst, positive rodent mammary tumor
line (Mat-B), a line that is normally negative for the expression of hsst,, was
genetically modified by a transfection technique to express the hsst; gene. This
tumor line was implanted into Fischer 344 rats, and the in vivo imaging and
radiotherapeutic potential of this novel animal model was demonstrated using '"'In-

DTPA-Tyr*-octreotate and "’ Lu-DOTA-Tyr-octreotate.

The current interest in imaging and treating tumors expressing the sst, receptor is the
best example of a receptor-targeted approach using a variety of radionuclides. To
date, imaging of ssi is conducted using Tc-99m and In-111 labeled peptides, and the
list of potential therapeutic radionuclides includes Y-90, Cu-64, Re-188, Sm-153 and
Lu-177 (Lister-James 1986; Anderson et al., 1998; Stolz et al., 1998; de Jong et al.,
1998; Zamora et al., 1898; Erion et al., 1999; Bugaj et al., 2002; de Jong et al.,
2001). For each of these radionuclides there are reports of pre-clinical studies that
support the radiotherapeutic potential for each radionuclide. The animal model used
frequently in pre-clinical studies to evaluate sst; avid peptides is primarily the
CA20948 tumor bearing Lewis rat. This tumor line grows quite readily in this animal
and the expression of the sst; receptor is high (Stolz et al., 1998). A number of
investigators have utilized this model in radiotherapy studies using Y-90, Lu-177, Re-
188 and In-111 labelled peptides. However, for peptides that target other receptors

such as VIP, CCK, EGF and bombesin, the current approach is limited fo the use of
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human xenografts in athymic nude or SCID mouse models. These models require a
sterile barrier for the maintenance and handling of the animals, and results in more
cumbersome and expensive housing requirements. Therefore, a more standard
tumor bearing rat model that expresses the target receptor(s) of interest would
significantly increase the ease and efficiency of with which novel peptides could be
evaluated at the pre-clinical stage of development. Novel peptides that target the
other sst receptors (ssty, ssts and ssts) require the transfection of cells with the
receptor genes, but no tumor bearing animal models expressing these receptors
have been developed thus far. Compounds such as Vapreotide and Lanreotide are
first evaluated in cell expression systems followed by direct early human use (EHU)

studies without any pre-clinical testing in animal models.

One solution to this situation has been presented in the form of adenoviral vector
expression systems for the sst; receptor in non-sst expressing tumor lines in athymic
nude mice (Zinn et al., 2000; Rogers et al., 1999). However, these models are more
appropriately designed for the in vivo evaluation of gene expression and gene
location, as opposed to animal models that can be readily used to evaluate novel
peptides at the pre-clinical stage. Although, the efficacy of potential sst; imaging and
radiotherapeutic peptides using this system has been reported, currently this method
is still limited to the use of athymic nude mice which require a sterile barrier for

housing and handling of the animals.

A second solution to this problem was addressed whereby pre-weaned Lewis rats
were implanted with solid AR42-J tumor material for the expression of sst,, CCK,
bombesin, and VIP, in a stable rat model (Bugaj et al., 2002). This model was

validated by a series blocking and radiotherapy studies for the expression of sst, and
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bombesin receptors, however, this model is limited in the natural expression of the
receptors of that particular tumor line. As yet, rat tumor lines expressing receptors

such as ssty, ssts, ssty etc.,, are not readily available.

The work presented here demonstrates that a rat mammary tumor line, Mat-B, can
be transfected with the gene encoding the human sst, receptor (hssty), and that this
model can be utilized for the evaluation of sst, avid peptides for both scintigraphic
and radiotherapeutic applications. This tumor line is normally negative for the
expression of sstp, but through a series of transfection techniques was genetically
modified to express hsst, at high levels. The model was validated using ""'In-DTPA-
Tyr’-octreotate for scintigraphy and radiotherapy studies using "7Lu-DOTA-Tyr-
octreotate were performed. The results indicated a 50-fold increase in uptake of the
radiolabel over wild type (WT) Mat-B tumor bearing rats. Uptake and retention of
7L u-DOTA-Tyr’-actreotate in the animals bearing the Mat-B/hsst, tumor was high at
~2.0% |D/gram from 1-4 hours post injection. The therapy study showed a delayed
growth pattern for the animals treated with 2 x 5.0mCi of """ Lu-DOTA-Tyr’-octreotate

compared to untreated control animals.

The logical extension of this work would be for the development of rat tumor models
that express virtually any receptor of interest. The list would include such receptors
as ssty, 88ty and ssty, all of which have been sub-cloned and expressed in other
mammalian cell fines. Utilizing a similar sequence of transfection protocols, it should
be possible to genetically modify a variety of tumor lines to express these receptors
of interest, and subsequently establish rat models for the expression of these target
receptors. These models would further evaluate novel peptides that target these

receptors for identifying new imaging and radiotherapeutic peptides at the pre-clinical
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level, thereby facilitating the selection of new agents that enter EHU trials. This
approach would also obviate the need for athymic nude and SCID mouse models,

which are substantially more expensive and difficult to maintain in a laboratory

setting.
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Radliolabeled somatostatin analogs have demonstrated ef-
foctiveness for targeted radiotherapy of somatostatin recep-
tor-positive tumors in both tumor-bearing rodent models
and humans. A radlonuciide of interest for cancer therapy is
reactor-produced '"'Lu (t,,, = &.64 d; 5~ [100%]). The high
therapeutic efficacy of the somatostatin analog '7/Lu-DOTA-
Tyr’-actreotats (DOTA-Y3-TATE, where DOTA s 1,4,7,10~
tetraazacyclododecane-1,4,7,10-tetraacetic acld) was previ-
ously demonstrated In a tumar-bearing rat model (Erion et
al,, J. Nucl. Med. 1999:40:223P; de Jong et al., Int. }. Cancer,
2001; 92:628-633). In the current study, the toxlcity and
dasimetry of '"Lu-DOTA-Y3-TATE were determined In
both nermal and tumor-bearing rats. Doses of ''Lu.-DOTA-
Y3-TATE ranging from 0 to 123 mCillkg were administered
to rats and complete blood counts {CBCs) and bloed chem-
istries were analyzed out to § weeks. No overt signs of tox-
icity were observed with '""Lu-DOTA-Y3-TATE (Le., loth-
argy, weight loss, scruffy coat or diarrhea) at any of the dose
levels. Blood chemistries and CBCs were normal except for
the white blood cell counts, which showed a dose-dependent
decrease. The maximum tolerated dose was not reached at
123 mCitkg. The biodistribution of '""Lu-DOTA-Y3-TATE
was determined in CA20948 rat pancreatic tumor-bearing
rats, and the data were used to estimate human absarbed
doses te normal tissues. The dose-llmiting organ was deter-
mined to be the pancreas, followed by the adrenal glands.
The absorbed dose to the rat CA20948 tumor was estimated
to be 336 rad/mCi (91 mGy/MBq). These data demonstrate
that '"""Lu-DOTA-Y3-TATE Is an effective targeted radlo-
theléaﬁny agent at lavels that show minimal toxicity in this rat
madel.

@ 2001 Wiley-Liss, Inc.

Key words: fargeted radiotherapy; iutetinm-177; somatostatin; new
raendocrine cancer

The use of radiolabeled ligands that bind to somatostatin recep-
tors (S85TRs) as targeted radiotherapy agents in humans is increas-
ing.\~* Preliminary results of clinical trials with '"'In-DTPA-OC,
a diagnostic radiopharmaceutical approved by the United States
Food and Drug Administration, have demonstrated evidence of
tumor response to treatment.!% Reported responses include stable
disease, but no significant tumor regressions or remissions, *°Y-
DOTA-Tyr-octreotide (*Y-DOTA-Y3-0C or ®Y-DOTATOC or
SMT487) is cumently in clinical trials, with favorable results
demonstrating significant tuimor regressions.?—* Preliminary data
with "7"Lu-DOTA-tyrosine3-octreotate (7’ Lu-DOTA-Y3-TATE)
are presented in a recently published absiract and suggest a range
of responses from tumor shrinkage (8/26) 1o stable disease {14/26)
1o partial remission (1/26) io mor progression (3/26).5

The progress with somatostatin receptor ligands is very exciting:
. however, some questions remain to be answered. One issue is
whether *®Y is the best radionuclide for targeted radiotherapy of
all tumor types and sizes,” Yitrium-90 has a mean B-energy of 0.9
MeV with a maximum energy of 2.27 MeV and & maximum
particle range of about 11 mum in tissue, making it an appropriate
radionuclide for larger tumor burdens. A potential problem with
%Y is that the high-energy B~ may alse be the cause of the
observed renal toxicity in humans treated with high doses of
*0Y.DOTATOC. This raises the question of whether or not other
radionuclides with lower B~ encrgies may have utility for smaller
tumeors or micrometastatic disease. :

An alternative radionuclide For targeted radiotherapy is 7’Lu
{tyz = 6.65 d)8 which decays by lower cnergy B~ emissions
(0,498 MeV [78.6%], 0.176 MeV [12.2%] and 0.385 [%.1%]).*
Lutetium-177 is produced at the University of Missouri Research
Reactor (MURR} by the ""SLu(n,y}'?"Lu reaction.!® In patients
with ovarian cancer, the '""Lu-labeled monoclonal antibody (Mab)
CC49 showed considerable efficacy at controlling micrometastatic
disease.!! The groups at the University of Rotterdam and
Mallinckrodt, Inc. have evaluated "Lu-Jabeled somatostatin an-
alogs in a wmor-bearing rat model and demonstrated impressive
therapeutic efficacy.'®/ Here we present data on the toxicity of
"’Lu-DOTA-tyrosine®-octreatate (*7’Lu-DOTA-Y3-TATE; Fig.
1} in normal Lewis rats, as well as the estimated human absorbed
doses of M""Lu-DOTA-Y3-TATE to normat tissues and the dose to
4 rat tumor.

MATERIAL AND METHODS
General

All chemicals, unless otherwise stated, were purchased from
Aldrich (Milwaukee, WI). Lutetiem-177 was obtained from the
University of Missouri Research Reactor in a specific activity of
20 Cifmg.'0 All solutions were prepared using ultrapure water {18
M{} cm resistivity). Radio-thin layer chromatography (radio-TLC)
detection was accomplished using a BIOSCAN (Washington, DC)
System 200 Imaging Scanner. Radicactive samples were counied
on a Beckman (Fullerton, CA) 8000-y-counter.

Preporation of "7 Lu-DOTA-Y3-TATE .

DOTA-Y3-TATE was synthesized as previously described. !
DOTA-Y3-TATE was labeled with ’LuCl; (0.05 M HCH) in 30

'mM NaOAc/25 mM sodium ascorbate, pH 5.0, for 25 min at 80°C.

Radigchemical purity was determined by radio-TLC with C18
plates developed in 70:30 MeOH:10% NH,OAc (*""Lu-DOTA-
Y3-TATE, R, = 0.8; *"Lu-acetate, R; = 0). Radiochemical purity
of """Lu-DOTA-Y3-TATE in all studi¢cs was >98%.

Abbreviations: DOTA, 1,47,10-t¢trauzacyclododecane-NN' N N/
teraacetic acid; DTPA, diethylenetriaminepentaacetic acid: OC, ocl-
reotide; SSTR, somatostatin receptors; TATE, octreotate; TETA, 1,4,8,11-
tewraazacyclotetradecane- NN N N'*' -tetrazestic acid; Y3, tyrosine-3.

Grant sponsor: National Cancer Instituie; Grant numbers CAG4475;
Grant sponsor: Biotechnology Research Develapment Corporation; Grant
sponsor: University of Missowri Research Reactor under the Depariment of
Energy's Reactor Sharing Support Program; Grant mumber: DE-FGO7-
0111314146.
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FIGURE 1 - Structure of DOTA-Y3-TATE,

Animal studies

__ Al animal experiments were conducted in compliance with the
Guidelines for the Care and Use of Research Animals eslablished
by Washington University’s Animal Studies Committee. The rat
pancreatic tumor CA20948'5 wag obtained from the Tumor Bank
at Biomeasure (Hopkinton, MA). Adult male Lewis rats (190-240
g) were purchased from Charles River (Wilmington, MA). The
CA20948 tumor was maintained by serial passage in animals. In
rat experimenis, male Lewis rats were injected with a 1 mm?®
section of CA20948 wmor 10 days prior to treatment as previously
described, 6

Toxicity stedy

Doses of '"’Lu-DOTA-Y3-TATE (specific activity 0.89 mCi/
ng) ranging from 0 to 130 mCi/kg in 5 toxicity groups (0-4.4,
16.3-18.2, 36.7-40.5, 64.7-71.2 and 102,2-122.6 mCifkg; n =
6 in each group) werc administered i.v. via the tail vein to
normat rats. Toxicity was monitored by weight loss and gross
physical appearance, as well as changes in hematologic, liver
and kidney function compared with control rats (i = 6). In each
group, anesthetized rats were weighed, and blood was removed
by cardiac puncture before and during the experimental period.
Toxicity analyses were performed by the Diagnostic Services
Laboratery in the Department of Comparative Medicine at
Washington University School of Medicine. The hematclogy
analysis included white blood celi counts (WBCs), red blood
cell counts (RBCs), platelet counts and measurement of hemo-
globin, hematocrit and differential WBCs. Liver and kidney
analysis included alanine aminotransferase (ALT), blood urea
nitrogen (BUN) and creatinine. Gross necropsy examination of
the respiratory, digestive, musculoskeletal, urinary and genital
systemis as well as the brain, thymus, spleen, lymph nodes,
adrenals, pituitary and eye was performed on 2 animals from the
highest dose group at the experimental endpoint of 38 days post
injection. Histopathologic examination of the liver, kidney,
pancteas and adrenal gland was also performed.

Rat dosimetry

The absorbed doses of """Lu-DOTA-Y3-TATE were obtained
for normal tissues and a rat tumor using biodistribution data in
CA20948 wmor-bearing rats, according to previously described
methods. 1619 "Ly-DOTA-Y3-TATE (40 pCi [1.3 MBql; 0.67
wg} was injected i.v., and the rats bearing 0.5~3.5 g tumors were
euthanized by Metofane overdose and cervical dislocation at 1, 3,
6, 14, 24, 48, 72, 96 and 168 hr (each group, # = 5) post injection.
The rats in the 72 hr group were housed in metabolism cages to
determine the percent injected dose (% ID) excreted in wine and
feces at 1, 3, 18, 24, 48 and 72 hr.

Twenty-three organs and tissues (blood, lung, liver, spleen,
kidney, bladder, muscle, fat, heart, brain, pituitary, bone, marrow
[from fernur], testes, prostate, adrenals, pancreas, thymus, tumor,
stomach, small intestine, upper large intestine and lower Targe
intestine} were harvested, and time-activity cuirves were generated
for each of them. Additionally, the % ID/g and %ID/organ for each
tissue were caleulated. (Tables of % IDVg and %IDforgan with

standard deviations for 23 tissues and 8 time points for “"La-

DOTA-Y3-TATE are available.) Uptake int the intestinal tract was

assumed to be due to fecal matter and not to receptor-specific
uptake of the radiolabeled peptide. The cumulative activily (pCifhr
or kBg/hr) for each organ was determined by analytically integrat-
ing o mathematical function fitted by the least-square method on
the data. This function was chasen to be a combination of expo-
nentials. :

Human absorbed dose estimates were calculated using measured
residence times and the MIRD S-value for *'"Lu calculated with
values supplied as supplementary information by the author of
MIRDOSE 3.0.%° The absorbed dose to-the bladder was calculated
assuming no voiding, and the dose to the kidney was calculated
assuming homogenous distribution of the activity throughout the
organ, a potential limitation ‘of the MIRDOSE model, Tumor
dosimetry was calculated taking into account all radiation emis-
sions from *77Lu, and the S-value for the tumor was calculated for
a spherical tumor of unit density filled uniformly with activity.
This approach assumed that tamors of similar size in different
animals had similar uptake characteristics, and the resulting ab-
sorbed dose was the average of the doses absorbed by the indi-
vidual tumors.

After reactor production, the """Lu containg 2 impurities, a
small amoust of "% Lu {1,,, = 3.64 hr) and 0.02% of ""=Ln
{t» = 160.4 days). Due to the short half-life of *"*™Lu and the
delivery time for the isotope, its contribution 1o the absorbed dose
estimates was not considered. The 0.02% presence of '""™Lu, a
value recently confirmed and published by the NIST,® was con-
sidered, but the dose contribution of this contaminant was not
included in our dosimetty calculations. It was assumed that this
small impurity would only alter the absorbed dose estimates to the
second decimal place and was easily within the reported standard
deviations of the estimated absorbed doses.

Statistical analysis

To determine statistical significance in the biodistribution stud-
ies, a Student’s -test was performed with p < 0.05 being consid-
ered significantly different,

RESULTS
Toxicity sty

The average weight of the treated rais increased similarly to that
of the controf animals, and they maintained a healthy physical
appearance (with no sign of scruffy coat or diarrhea) over the
experimental petiod. Throughout the examination period there
were no significant changes in platetet counts, hemoglobin, hemat-
ocrit and differential WBCs (Table I). Levels of BUN, creatinine
and ALT remained at baseline values, showing no overt liver and
kidney toxicities. The hematology analysis values for the highest
dose group (102.2-122.6 mCifkg) are presented in Table 1. WBC
changes followed a dose-tesponse pattern afler administration
(Fig. 2). In the lowest dose group (0-4.4 mCiskg) there were no
significant changes in WBCs over the experimental period (da!
—4, 11.95 + 4.51 X 10%mm? day 2, 14.0 % 4.33 X 10%/mm?;
day 6, 12.8 = 2.64 X 10°%/mm?; day 15, 11.8 = 1.64 X 10%/mm®;
day 22, 114 * 0.60 X 10*mm>; p > 0.1). The 3 intermediate
groups exhibited a transient depression in WBCs at 6 days (16.3—
18.2 mCifkg, 11.3 * 2.43 X 10%mm®; 36.7-40.5 mCi/kg, 8.9 *
1.15 X 10%mm?; 64.7-71.2 mCi/kg, 5.83 % 1.34 X 10°%/mm?; p <
0.001), but all recovered to baseline (day —4, 11.95 = 4.5] X
10%mm®) levels by day 22. The 102.2-122.6 mCi/kg dose group
showed the grealest neutropenic response: however, the WBCs
recovered (o baseline levels by day 35 (day —4, 14.15 = 2,98 X
10%mm?; day 2, 84 = 4.41" X 10%mm™, day 6, 39 + 1.8 X
10%mm®; day 15, 56 *= 247 X 10%mm®™ day 22, 82 =
2.00 X 10%mm®; day 28, 10.5 = 1,99 X 10%mm?’; day 35, 114 =
1.58 X 10%mm?® p < 0.001). In the gross necropsy and his-
topathologic examinatiohs of selected tissues, there were no ap-
parent lesions, showing the lack of gross or histologic signs of
toxicity. ‘
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TADLE 1- CHANGES IN HEMATSLD](,},IC, LIVER AND KIDNEY FUNCTION IN RATS TREA

WITH 102-122.6 mClikg (n = 6)

P 10-DOTA-Y3-TATE COMPARED WITH CONTROL RATS

Days after RE

Creaslning

o C 10%man® Platelets 10%mny® ALT UL ey BUN mahiL
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'RBC, red blood cells; ALT, alanine aminoiransferase; BUN, blood urez nitrogen,
16 1 The radiotherapy data obtained in rats with *""Lu-labeled so-
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Figure 2 — White blood cell (WBC) counts (10%mm®) in rats after
administration of '’Lu-DOTA-Y3-TATE in doses ranging (rom 0 (o
123 mCifkg. Error bars not shown for clarity.

Dosimetry

Human abserbed doses to normal organs from '""Lu-DOTA-
Y3-TATE were estimated from biodistribution data in CA20048
tumor-bearing rats. Biodistributions were performed at 1, 3, 6, 14,
24, 48,72, 96 and 168 hr post injection, with the harvesting of 23
organs and tissues, a summary of which is shown in Table II. The
rats for the 72 hr time point were housed in metabolism cages to
determine %ID excreted in urine and feces at 1, 3, 18, 24, 48 and
72 hr (Table 11f). Total activity excreted in the urine by 72 hr was
68.74 = 2.37%, and the total fecal excrelion was 15.84 * 3.11%.
The human absorbed dose estimates te normal organs are pre-
senled in Table TV. The primary and secondary critical organs are
the pancreas (11.12 * 2.07 rad/mCi; 3.01 + 0.56 mGy/MBq) and
the adrenals (5.67 = 0.86 rad/mCi; 1.53 * 0.23 mGy/MBq), both
somatostatin receptor-rich tissues. Prirnary excretion via the renal
systern resulted in an absorbed dose to the kidneys of 2.48 = 0.17
rad/mCi (0.67 = 0.05 mGy/MBq). In the CA20048 tat tumor, the
average absorbed dose to the tumor was calculated to be 336
$gl$Ci (91 mGy/MBq) for a single injection of "’Lu-DOTA-

-TATE.

DISCUSSION

There have been several reporls in recent years on targeted
radiotherapy studies in tumor-bearing rodent models with radiola-
beled somatostatin analogs labeled with °Y21.22 and with alterna-
tive radionuclides such as ®%Cu,16.19 1] 1.6.28.24 153Gy, 25 1617}, 26
'8%Re?" and '7'Lu,1243 It has been demonstrated that with soma-
tostatin-based peptides, changing the C-terminus from sn alcohol
(OC) to a carboxylic acid {TATE} increases uptake of these
peptides in receptor-rich tissues,’22328 This can result in a higher
dose to the tumor, while not dramatically affecting the absorbed
doses to normal tissue.’® As a consequence, the most recent
developments in the use of radiolabeled somatostatin analogs have
focused on the use of the TATE derivative, 1213.19.25 R

matostatin analogs has been panicularly impressive.t21* With
"L u-DOTA-Y3-TATE, the administration of 3 X 5 mCi over a
T-day period to twmor-bearing rats bearing 14-day-old CA20948
turnors resulted in a >95% decrease in tumor volume, with 66% of
the animals remaining tmor-free 200 days after treatment, ' In the
same study, a single 5 mCi administration of ""’Lu-DOTA-Y3-
TATE in rats bearing 14-day-old CA20948 tumors resulted in
tumor regression 10 <5% of the original tumor volume by day 14,
In this group of rats >30% of the animals showed no palpable
tumor mass and exhibited long-term survival of over 5 months. A
muitiple dose regimen of '""Lu-DOTA-Y3-TATE (3 X 5 mCi at
30-day intervals) resulied in similar regression responses but with
a greater percentage of animals surviving long term. De Jong es
al.1? gbserved a 100% cure rate in rats bearing small CA20948
tumors (<1 em?) after administering either 2 doses of 7.5 mC3
17Lu-DOTA-Y3-TATE or a single dose of 15 mCi. In the same
study using larger tumors (>1 cm®), 40 and 50% cure rates were
achieved in the groups that received 1 or 2 7.5 mCi injections of
Y7Lu-DOTA-Y3-TATE, respectively. These data prompted the
current stucly examinihg the maximum tolerated dose (MTD)
Ievels and human absorbed dose estimates for '7’Lu-DOTA-Y3-
TATE.

In the Jargest dose group cxamined in our study (102.2-122.6
mCifkg), no abnormalities were found with regard to animal be-
havior (movement, sleeping, eating, posture) over the first 48 hr
after injection, Moreover, the treated rats gained weight through-
out the experiment and at no time had any overt physical signs of
toxicily, such as lethargy, scruffy coat, >10% weight loss or
diarrhea. Transient decreases in WBC levels were noted, bot by
day 35 after the first treatment the WBC counts returned to
baseline values. Although not fully comprehensive, these toxicity
data are encowraging since the MTD was not achieved, and il is
apparent that larger quantities of radioactivity can probably be
administered safely. It is particularly notable that in the same
CA20948 tumor model a 100% cure rate was found with '7’Lu.
DOTA-Y3-TATE by administering either 2 doses of 7.5 mCi or a
single dose of 15 mCi.'2 The doses used in the toxicity study
(102.2-122.6 mCi/kg) correspond to an administration of 22.9~
24.4 mCi per animal, which are over 50-60% higher than doses
administered in the successful therapy studies by de Jong et al. In
addition, previous studies have demonstrated minimal toxicity of
the unlabeled peptide DOTA-Y3-TATE at levels far in excess of
those that would be used in imans.'?

Previous sludies have demonstrated the usefulness of using
rat biodistribution in predicting human absorbed dose estimates.
A prelimjnaz evaluation of the absorbed doses in normal
organs with “*Cu-TETA-OC performed by averaging positron
emission tomography (PET) data from 5 patients demonstrated
that the urinary bladder was the dose-limaiting organ, which was
predicted from human absorbed dose measurements estimated
from rat biodistribution and baboon PET imaging data.'s#® In
the current study, the human absorbed estimates cxirapolated
from the biodistribution of '""Lu-DOTA-Y3-TATE in rats
showed that the primary and secondary critical organs were the
pancreas (11.12 = 2.07 rad/mCi; 3.01 + 0.56 mGy/MBq) and
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TABLE 11 - BIODISTRIBUTION AT I, 3, 6, 24, 72 AND 168 HOURS OF '"Lu-DOTA-Y3-TATR' IN SELECTED ORGANS

Organ 1hr b 6 hr 24 br 72 hr 168 hr

Blood 2.03 + 0.42 0.31 = 0.10 0.05 = Q.05 003 =001 0.03 £ 000 0.01 = 0.00
Lung 0.14 = 0,01 0.08 = 0.01 0.05 *+ 0.00 0.04 + 0.00 0.03 = 0.01 0.02 = 0.00
Liver 0.55 + 0.23 0.34 + 0.06 0.30 £ .03 028 = 0.04 0.26 £ 0.08 0.18 £ 0.03
%Iccn 0.02 £ 0.00 30.02 *+ 0.00 0.01 > 0.00 001 * 0.00 0.01 * 0.01 0.01 £0.00

idney 192 x0.11 1.93 £ 0.11 1.63 = 0.06 171 + 013 1.55 + 0.09 094 +0.05
Muscle 1.25 £ 025 027 = 0.03 (.08 £ 0.05 0.12 £ 0.01 009 £ 002 0.07 + 0.02
Heart 0.04 = 0.00 0.01 + 000 0.01 £ 0.00 0.00 £ 0.00 0.00 = 0.00 0.00 = 0.00
Pituitary 0.03 =001 0.05 = 0.01 0.04 * 0.00 0.04 + 0.01 0.03 = 0.00 .03 £ 0.01
Bone 11.96 = 0.96 9.28 + 1.34 547 +3.08 6.70 * 0.75 503 £ 052 4.20 = 0.19
Adrenal 0.31 + 0,06 0.31 = 0.09 0.30 = 0,02 0.21 +0.03 0.14 = 0.02 0.11 £ 0.02
Smandl intestine 0.890 + 0.44 0.93 = 0.48 0.73 £ 0.19 0.33 2006 0.19 £ 0.04 0.15 £ 0.05
Upper large intestine 0.77 £ 0.14 1.32 £ 047 2,70 £ 0.76 047 £ 0,12 0.16 = 0.03 0.13 =001
Lower large intestine 2.87 £ 0.46 2.82 + 0.27 4,89+ 1,94 3,04 0,65 087 £0.16 0.68 > 0.21
Pancrens 1049+ 191 9.20 * 1.42 6.43 276 225 %2032 1.80 = 0.36 1.07 £0.10
Tumor 3.92 + 3.84 592> 3.00 597 + 404 6.13 + 2,84 2.86 + 1.77 0.65 + 0.35
Data for 15 of 23 organs are given as % injected dose {ID} per organ * SD (1 = 5).-'The %ID/g data are available as supplementary

information. Data for 14, 48 and 96 br are not shown.

TABLE 1l - EXCRETION OF "Lu-DOTA-Y3-TATE IN CA20348 TUMOR-BEARING LEWIS RATS (W = 5) AT SELECTED TIME POINTS

% Injected doze * SO

1hr 1-3he 324 Te 2448 hr 1-72 Iy wotal
Urige 2091 L 18.56 [5.46 * 19.15 2613 £ 1795 254 £ 0.64 68.74 £ 237
Feces 0,004 £ 0,012 0.004 612179 . 3.17 £0.54 1584 +3.11

TABLE IV - HUMAN ABSORBED DOSE ESTIMATES OF "Lu.DOTA-Y3.TATE
OBTAINED IN CA2094B-BEARING RATS

Orgen Rod/mCi = 8D mGyMBg = SD
Adrenals 5670 £ 0.86 1.533 +0.233
Lower large intestine 3289 117 0.889 = 0,316
Small intestine 0.172 + 0.06 0.047 £ 0.015
Stomach : 0.461 = 0.09 0.125 + 0.023
Upper large intestine 0440 = 0.10 0.119 = 0.023
Hearl wall 0.042 £ (.01 0.011 = 0.002
Kidneys 2477 %0.17 0.670 = 0.047
Liver 0.086 = 0,02 0.023 = 0.005
Lungs 0.029 % 0.01 0.008 = 0.002
Muscle 0.038 X 0.01 0.010 = 0.004
Pancreas 11,12 = 2.07 3.006 £ 0.561
Red marrow 0.360 + 0.05 0.097 £ 0.014
Bone surfaces 1.926 = 0.23 0.521 %= 0.061
Spleen 0074 £ 0.02 0.020 = 0.004
Bladder wall 1322 %016 0357 £ 0.042
Total body 0.116 + 0.03 0.031 £ 0.007

the adrenals (5.67 = 0.86 rad/mCi; 1.53 + 0.23 mGy/MBq),
hoth somatostatin receptor-rich tissues. It was further demon-
strated that the primary excretion rouwte was via the renal
system, which resulted in an absorbed dose to the kidneys of
248 % 0.17 rad/mCi (0.67 * 0.05 mGy/MBqg). It should be
noted that the kidney uptake of "’Lu-DOTA-Y3-TATE can be
significantly reduced by 40% by the coinjection of 400 mp/kg
D-lysine.'? The transient depression in WBCs may also be
indicative. of the dose delivered 1o the bone marrow causing
toxicity. A multiple dose regimen might significantly reduce the
absorbed doses to nontarget organs by allowing the delivery of
a consistent amount of tolerable radiation over an extended
period to the tumor, while allowing intermitient recovery of
nontarget tissues. It is also important to note that hepatobiliary
and rena} clearance of many radiopharmaceuticals,® as well as
receptor concentrations and subtype expression,3! vary widely
from rodents to humans and that primate and actual human
doses may be improved over dose estimates from animal mod-
els. With this in mind, in humans the primary and secondary
tissue may not be the pancreas and the adrenals.

In the de Jong er al'? study, a single 15 mCi dose of
""Lu-DOTA-Y3-TATE resulted in a 100% cure in 200-300 g

rats bearing small tumors, which would suggest a dose of over
2 Ci of “"Lu-DOTA-Y3-TATE for clinical therapy trials in
humars. In the ongoing clinical trials the patients are scheduled
to receive a maximum cumulative dose of only 600-800 mCi3
In these human trials, 26 patients with progressive disease were
given 300 mCi of "’Lu-DOTA-Y3-TATE with amino acid
infusion to reduce the kidney dose.® Of the 26 patients, 31%
experienced nauses, 9% vomiting and 11% mild abdominal
discomfort. Additionaily, of the 26 patients, 5 presented with
mild leukocytopenia, 3 with mild thrombocytopenia and 10
with mild anemia. At the time of presentation none of the
patients had received their maximum cumulative dose of 600-
800 mCi and had shown a range of responses from tumor
shrinkage (8/26) te stable disease (14/26) to partial remission
(1/26) to tumor progression (3/26).

‘The absorbed dose to the CA20948 tmor from 77Lu-DOTA-Y3-
TATE calculnted from the ret biodistribution was 33646 + 203
rad/mCi (50.94 + 54.9 mGyMBcp; a similar value of 96 mGy/MBq
was reported E;J de Jong et al'® This value is higher than that
calculated for “*Cu-DOTA-Y3-TATE (33.2 rad/mCi) bat is consid-
crably lower than that calculated for **Y-DOTA-Y3-TATE (1753
rad/mCi).’* Comparing the estimated absorbed doses for '“'Lu-
DOTA-Y3-TATE with *Cu-DOTA-Y3-TATE, the dose impatted 10
the kidney was ~5 times higher (248 * 0.17 vs. 048 * Q.16
rad/mCi) but imparted ~10-fold more dose (336 rad/mCi vs 33.24
rad/mCi) to the CA20948 tumor. When comparing the absorbed dose
to the kidney between '"'Lu-DOTA-Y3-TATE and **Y-DOTA-Y3-
TATE, the dose imparted to the kidney was ~3 times lower (248 =
0.17 vs. 7.29 % 1.22 rad/mCi), with a ~5-fold reduction in dose (336
ratfmCi vs. 1753 rad/mCi} to the CA20948 tumor. These data suggest
that although 77Lu-DOTA-Y3-TATE 2 pears to have distinet advan-
tages over “'Cu-DOTA-Y3-TATE, ""Lu-DOTA-Y3-TATE and
*Y.DOTA-Y3-TATE may be more comparable with respect to their
wmor and normal tissue toxicity, .

Doses of '""Lu-DOTA-Y3-TATE ranging from 0 {0 123 mCi/kg
were administered to normal rats and complete blood counts
(CBCs) and blood chemistries were analyzed out to 6 weeks, No
overt signs of toxicity were observed with 'Lu-DOTA-Y3-
TATE at any of the dose levels. We further estimated human
absorbed radiation doses to normal tissues and the absorbed dose
to the rat CA20048 tmor for '*"Lu-DOTA-Y3-TATE, for which
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the adrenals and pancreas were determined to be the dose-limiting
organs. Since previous studies have demonstrated that ?Lu-
DOTA-Y3-TATE is effective in cavsing tumor regression of
CA20948 wumors in rats, these Loxicily and dosimetry data suggest
that 'Lu-DOTA-Y3-TATE may be an effective targeted radio-
therapy agent at levels that show minimal toxicity in humans.
These data, in conjunction with the human tial data® further
suggest that this radiopharmaceutical may be at least as effective
as the "Y-labeled somatostatin analogs currently in use,
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CHAPTER 8B

LONG TERM TOXICITY of 7 Lu-DOTA-Tyr’~-OCTREOTATE IN

TUMOR BEARING ANIMALS

Joseph E. Bugaj , Marion de Jong, Eric P. Krenning and Jack L. Erion
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ABSTRACT

The past several years have witnessed an increase in the number of somatostatin
analogues evaluated for radiotherapeutic efficacy in tumor bearing animal models
and early human studies. A growing number of potential radionuclides chelated to
these analogues include Y-90, Re-188, Cu-64, In-111, Sm-153 and Lu-177. All of
these radionuclides have demonstrated varying degrees of therapeutic efficacy in
tumor bearing animal models with Y-90, In-111 and Lu-177 advancing to early
human clinical studies. Preliminary toxicology studies in rats have largely focused on
acute toxic effects, but as yet no long term toxicology study (>12 months post
treatment) has been reported. The current study describes the long-term toxicology
of ’Lu-DOTA-Tyr*-octreotate in CA20948 tumor bearing rats that have survived 14-
18 months post treatment. Of the16 rats examined after different treatment regimens
with "77Lu-DOTA-Tyr*-octreotate, 13 animals (81%) indicated evidence of renal
neoplasm and were classified as renal cell carcinoma. Pancreatic carcinoma was
found in 40% of the treated animals {4/10) examined histologically. Somatostatin
receptor negative tissues of the spleen and liver were all negative for pathology. In
contrast, normal control animals of the same age at the time of sacrifice indicated no
evidence of neoplasia in any of the target or non-target tissues examined. This is the
first study evaluating the long-term radiotoxicity of "7Lu-DOTA-Y3-Octreotate in

rodents, with the primary focus on delayed renal toxicity.

INTRODUCTION

Targeted radiotherapy using somatostatin analogues has progressed from early
efficacy studies in animal models fo objective responses in human clinical frials. A
variety of somatostatin analogues radiolabeled with Re-188, Cu-64, In-111, Sm-153,

Y-90 and Lu-177 have all demonstrated varying degrees of efficacy in animal
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models, and the latter two isotopes have progressed to early human use trials with
promising results (3, 4, 8, 9, 13, 14, 15, 17, 22, 23). Of the different agents evaluated,
the chelate '""Lu-DOTA-Tyr’-octreotate (Figure 1) has demonstrated the most
pronounced therapeutic effect in tumor bearing rat models. Because of the well
documented mechanism for the in vivo breakdown of this class of peptides, the
kidney is the primary organ of toxicity in these types of studies (1, 2, 7). Though the
dose to the kidneys can be reduced by 40-50% using amino acid infusion, the
kidneys require close monitoring by dosimetry to reduce potential chronic renal

toxicity (4, 5, 7).

A growing number of somatostatin analogues chelated to a variety of radionuclides
have been evaluated in tumor models. These radionuclides range in energy from low
to very high B~ emissions. Other radionuclides that have demonstrated varying
degrees of therapeutic efficacy include Cu-64 (0.564MeV), Sm-153 (0.65MeV) and
In-111 (Auger). Of these radicnuclides, two that have demonstrated the most
promising results in tumor bearing rat models are Y-90 and Lu-177 {12, 14, 15-17).
These two isotopes differ greatly in their physiochemical characteristics. Y-90 is a
high-energy B~ emitter, 2.2MeV, with a relatively short t »; of 60 hours, while Lu-177
emits a § particle of only 0.497 MeV with a long t » of 6.7 days. Lu-177 also emits a
low abundance of a 0.208MeV gamma emission that is very suitable for scintigraphy
and for use in dosimetry calculations (16, 17).
HOOC—\N/_\N /—-—CO-DPhe—Crs-Tyr-DTrp-Lys-Thr-CTs-Thr-OH
) T
N N

Hooc—" \__/ N\—cooH

Figure 1: Structure of DOTA-Tyr*-octreotate
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When evaluated in the CA20948 tumor bearing Lewis rat model, *°Y-DOTA-Tyr*-
Octrectide showed a complete ablation of the tumor in 5 of 7 (71%) animals treated
with a single dose of 2.6mCi/rat (21). No marked impairment of the animal's health
was observed during the eight month observation period, but no histology data on the
kidneys was or has since been reported. In contrast, rats bearing the same tumor line
treated with 3 x 5.0mCi of '"Lu-DOTA-Tyr’-octrectate at 30 day intervals
demonstrated complete tumor ablation in 100% of the animals for a period of up to
16 months post treatment. Additionally, a lower dosing regimen of this agent (3 x
2.5mCifrat at 30 day intervals) resulted in complete tumor remission in 75% of rats

treated at 18 months post treatment (16, 17).

In this study we report on the long-term toxicity of '’Lu-DOTA-Tyr*-octreotate in
CA20948 tumor bearing Lewis rats. Animals were first freated with the agent using
either a single dose of 5.0 mCi/rat or multiple doses of 3 x 2.5mCi or 3 x 5.0mCi at 30
day intervals. At the time of death selected tissues were evaluated by histology for
evidence of toxicity after the animals had reached or exceeded 14 months post

freatment.

MATERIALS AND METHODS
Radiochemistry

"7LuCly in 0.05N HCI was obtained from MURR (Colombia, MO) at a specific activity
of 3000Ci/mmol. DOTA-Tyr’-octreotate was synthetized as previously described (15-
17). The ligand was radiolabeled with ""LuCl; in 30mM NaOAc/25mM ascorbate, pH
5.0 for 15 minutes at 80 C. Radiochemical purity was determined by reverse phase

HPLC on a Nova Pac C-18 column using a 15 minute linear gradient of 0% to 70%
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ACN/25mM triethylamine, pH 6.0. The labeled peptide eluted at 12.47 minutes
(Solvent A = 5% ACN/25mM triethylamine, pH 6.0).

Animal Tumor Model

All animal studies were conducted in compliance with the Mallinckrodt Inc. Animal
Welfare Committee requirements. Male Lewis rats (120-140 g) were purchased from
Harlan (Indianapolis, IN). The somatostatin subtype-2 (sst;) receptor positive
pancreatic acinar tumor ling, CA20948, was maintained by serial passage into Lewis
rats (3, 8, 15). Tumor tissue was implanted into the left flank of the animal, and afier
approximately seven days tumor masses were palpable and were then used in the

radiotherapy studies.

Radiotherapy Studies

CA20048 tumor tissue was implanted into the left flank of Lewis rats as described
above. At 7 days post implant, animals were randomly divided into study groups. The
presence of tumor mass was confirmed by palpation. For each treatment group a set
of negative control animals (n = 8) was maintained. Negative control animals were
implanted with tumor material but received no therapeutic treatment. Treated animals
received dosing regimens of "’Lu-DOTA-Tyr*-octreotate were as follows: (1) single
dose of 5.0mCi, (2) three doses of 2.5mCifrat at 30 day intervals (n = 8) or (3) three
doses of 5.0 mCi/rat at 30 day intervals (n = 8). Tumor volume measurements were
performed on a weekly basis and calculated using the formula for an ellipsoid

(v =n/B['wh]) (17).

HISTOLOGY
Tissues were taken from two separate groups of animals of the same approximate
age. Tumor bearing animals that underwent treatment with the radiolabeled peptide,
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and a second control group of animals that were housed and maintained for a period
of 18 months but were neither implanted with tumor material, nor received any dose
of radiolabeled peptide. This control group was created to allow for the possibility of
age related pathology for comparison to the tissues from the treatment groups
approximating the time of sacrifice. The tissues were trimmed and processed by
standard techniques for embedding in paraffin. Two sections were taken from most of
the tissue samples. The blocks were sectioned with a rotary mictotome set at a
thickness of four micrometers. After sectioning, the sections were deparaffinized and
stained with hematoxylin and eosin. Representative lesions were photographed using
an Olympus BHS Photomicroscope and a 35mm Fujichrome Provia 100 F film.

Digitized photos were captured with a Polaroid Sprint Scan 35 film scanner.

RESULTS

Radiotherapy Studies

Figure 2 shows the survival curves for the untreated control group versus the two
treatment regimens. Tumor bearing negative control animals that received no
treatment were sacrificed after approximately 35 days due to excessive tumor
growth. Only fifty percent of the animals that received the single dose of 5.0mCi/rat
survived fo 3 months post treatment. Animals receiving 3 doses of 2.5 mCilrat at 30
day intervals resulted in a long-term survival of 50% of the animals living 21 months
post treatment. The high dose group that received 3 doses of 5.0mCilrat at the same
interval all survived past 14 months post treatment, and all animals were tumor free

at the time of sacrifice or death. By 18 months all animals from this group had died.
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Figure 2: Survival graph of rats treated with " Lu-DOTA-Tyr-octreotate.
Open circles = untreated animals., shaded circles = 3 x 2.5mCi dose regimen;
filled circles = 3 x 5.0mCi dose regimen. Doses were administered at 30 day
intervals.

Histology

Tumor bearing rats that had undergone treatment with '"/Lu-DOTA-Tyr*-octreotate
survived from 16-22 months post treatment. Untreated control animals that were
maintained for the 18 month survival period were sacrificed at that time to mimic the
age of the treated groups at the time of death to ascertain any age related pathology
for the tissues evaluated. A total of 16 freated animals and 6 untreated control
animals (18 months of age) were analyzed post mortem for evidence of pathology.
The kidneys were the primary focus of this evaluation. Additionally, pancreas (n= 10),
spleen (0 = 12) and liver (n =16) tissues were also removed from most of these
animals. From the untreated control animals the kidneys, pancreas, liver, and spleen
were removed and analyzed. Table 1 shows the overall results of the histological

findings.
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Table 1: Histology Results from Tissue Samples of Rats Treated with Different
Regimens of "'Lu-DOTA-Y*-Octreotate

(Positive Histology/Number of Samples Examined)

Regimen Kidney Spleen Pancreas Liver
1 x 5.0mCi 113 0/3 22 0/3
3 x 2.5mCi 5/6 0/5 214 0/6
3 x 5.0mCi 77 0/5 215 or7

The negative control animals that had been housed for the 18 month survival period

were sacrificed at that time, and the kidneys, liver, spleen and pancreas tissues

removed and analyzed for pathology. In all six animals no evidence of any abnormal

pathology in any of the tissues was observed. Typically, the kidneys (Figure 3) from

these animals exhibited evidence of glomerular nephritis and glomerular sclerosis,

chronic nephritis, tubular ectasia and tubular proteinosis. All of the renal changes are

typical of those observed in chronic rat nephropathy. Islet cell hyperplasia was

commonly found in the pancreas samples from this group. No significant pathology

was noted from any animal for either the spleen or liver tissues.

Figure 3: High power photomicrograph of
kidney from negative control animal (18
months old). The glomeruli are relatively
normal in appearance, with minimal degree of
multifocal glomerular sclerosis, typical changes
observed in chronic rat nephropathy.
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Figure 4. High power photomicrograph of kidney
from treated rat with 3 x 5.0mCi of ' Lu-DOTA-
Tyr*-octreotate at 30 day intervals. Glomerulus has
marked multifocal fibrosis, and the
glomerulersclerosis is characterized by multiple
areas of hypocellualrity, thickening of capilliary
loops and eosinophilic material. Contrast to
glomeruli in Figure 3.



Of the 16 treated animals 13 (81%) showed evidence of renal carcinoma or urothelial
neoplasm that appeared to arise from the tubular epithelia. Figure 4 is a high power

photomicrograph of kidney tissue from an animal treated with 3 x 5.0mCi of " Lu-

DOTA-Tyr*-octreotate.

Figure 5: Low power photomicrograph of Figure 6: Mediurn power photomicrograph of
kidney indicating large neoplasm replacing renal hilus from animal treated with 3 x 2.5mCi
most of renal parenchyma. Mass was of ""Lu-DOTA-Tyr*-octreotate at 30 day
diagnosed as renal cell carcinoma. Rat was intervals. Urothelial neoplasm is shown
treated with 3 x 5.0mCi of "' Lu-DOTA-Tyr*- surrounding ureter and infiltrating muscle wall.

octreotate at 30 day intervals.

The glomerulus shows marked fibrosis, hypocellularity and thickening of capillary
loops. Figure § is a photo of a rat kidney indicating large neoplasm of renal
parenchyma. Rat was treated with 3 x 5.0mCi of "’Lu-DOTA-Tyr*-octreotate. In
Figure 7, a medium power photomicrograph shows the renal cell carcinoma
characterized by marked karyomegaly and nuclear pleomorphism. A urothelial
neoplasm is shown in Figure 6. In this medium power photomicrograph of the renal
hilus, the neoplasm is shown surrounding the ureter and infiltrating the muscle walt.
Rat received 3 x 2.5mCi of "’Lu-DOTA-Tyr*-octreotate. The remaining three kidney
samples showed evidence of karyomegaly of the tubular epithelia cells suggesting

pre-neoplastic lesions (Figure 8). There was a greater than expected severity of
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chronic renal disease that has been attributed to treatment with the radiolabeied

peptide.

Figure 7: Medium power photomicrograph of Figure 8: High power photomicrograph of
renal cell carcinoma characterized by marked renal glomerulus marked by hyperplasia and
karyomegaly and nuclear pleomorphisim. Rat karyomegaly of cells lining glomerular space.
was treated with 3 x 2.5mCi of 7'Lu-DOTA- Animal treated with 3 x 2.5mCi of """Lu-DOTA-
Tyr’-octreotate at 30 day intervals. Tyr*-octreotate at 30 day intervals.

The pancreas samples from the treated animals indicated a 50% incidence of cancer
with 40% as islet cell carcinoma and one pancreatic adenoma. The two-sst, receptor
negative tissues of the spleen and liver showed no evidence of underlying pathology

in any tissues analyzed from the treated groups.

DISCUSSION

The increased number of targeted radiotherapeutic peptides in rodent models and
early human studies for the abiation of neuroendocrine tumors has involved a variety
of somatostatin analogues radiolabeled with beta particle and Auger emitting
radionuclides. It has been previously demonstrated with somatostaiin-based peptides

that changing the C-terminus from an alcohol to the native carboxylic acid

162



significantly increases the uptake and retention in sst. positive tissues without
affecting uptake in normal non-target tissue (9, 13, 15, 19). However, inherent in this
general class of peptides, is the in vivo metabolic degredation of the peptide to
truncated molecules composed of the chelate and the first few amino acids (D-Phe).
As a result these small peptide fragments are readily reabsorbed in the renal tubules,
resulting in high non-specific uptake and retention in the kidneys (1, 2).
Internalization of the radiolabeled fragments occurs through receptor mediated
endocytosis, become trapped in the lysosomes of the proximal tubules, and delivers
a localized radiation dose to the tubules (7). This non-specific retention accounts for
the high kidney dose observed for these peptides, and the use of beta emitting
isotopes make the kidneys the primary organ for radiotoxicity. Of the radionuclides
evaluated in animal models thus far, the isotope Lu-177 has demonstrated the most
pronounced therapeutic effect when chelated to DOTA-Y3-Octreotate (15-17).
Complete ablation of CA20948 tumors was observed from 16-22 months post implant
after 3 doses of 2.5mCi or 5.0mCi of that agent. Previously, only the Y-90 octrectide
derivative showed complete ablation of the same tumor line in vivo, with long-term
survival of the animal reported to eight months post injection. In that particular study
no histological evaluation of the kidneys was reported (21). Recently, the observation
of end stage renal disease after treatment with **Y-DOTATOC was published (10). In
this study, the renal effects were observed 15 months post administration of the
agent, and the authors suggest that the delayed renal insufficiency was due to a low
cumulative dose of the radiotherapeutic. As a result, more cautious dosing regimens

to avoid renal toxicity were encouraged.
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The studies presented here focus on the long-term toxicity of the agent '"’Lu-DOTA-
Y3-Octreotate, with primary attention to kidney toxicity. To date several acute toxicity
studies have been performed. Doses of 100mCitkg of DOTA-Y -Octreotate and
10mCifkg of °Y- DOTA-Y>-Octreotide indicated that no abnormalities were observed
in any tissues, and the only observed toxicity was a transient drop in the WBC level
which returned to normal after 30 days (20, 21). These reports suggest that elevated
doses of the agents can be safely administered, especially when amino acid infusion
is included in the regimen to reduce kidney toxicity. However, this study suggest that
the radiotoxic effects observed with Lu-177, and likely for other 8~ emitters, are not
readily observable until the animals survive approximately one-year post injection. As
a result, the real effect is chronic renal toxicity, and the acute studies are not
predictive of the actual toxicity of the agent. Since no previous therapy studies in
animal models went beyond a period of 8 months, this represents the first toxicity
study that demonstrates long-term renal toxicity of an administered radiotherapeutic.
As previously indicated, no untreated tumor bearing animals survived beyond 40
days post inoculation. The long-term survival observed in the treated animals from
this study would equate to a significantly increased life span in humans. Additionally,
in this study no attempt to block non-specific kidney retention using amino acid
infusion was attempted. A number of studies in several laboratories support a 50%
reduction in kidney uptake effected using amino acid infusion, there by reducing
significantly the potential toxic effects of this radiotherapeutic. This technique is
currently in place in the early human use studies evaluating the therapeutic efficacy
of Y-90-Octreotide and Lu-177-Octreotate (5, 6, 10, 11). The importance of
protecting the kidneys of all patients undergoing radiotherapy is further emphasized

in the Cybulla reference (10).
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The last two years has seen an increase in the use of Lu-177 as a therapeutic
radionuclide (15-17, 20). Impressive pre-clinical studies in tumor bearing animal
models using "’Lu-DOTA-Y*-Qctreotate, has led to the evaluation of this agent in the
clinical setting, and preliminary data in an early human trial support the efficacy
observed in the rodent model (18). As a result, the long term toxicity of this agent is
currently unknown, even though acute toxicity studies in animals report no toxicity of
the agent, renal or otherwise, even at dose of >100mCi/kg. This study expands on
the acute toxicity studies for this agent, and represents the first report of long term

toxicity in an animal model using this agent as a radiotherapeutic.

Though these studies suggest that any radiotoxicity associated with this agent will be
a chronic event, the administration of amino acids will reduce this effect and is a
viable alternative in expanding the therapeutic window for this agent. Long-term
studies in rodents using such infusion techniques are warranted to more fully assess

the chronic renal toxicity under a clinical setting.
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CHAPTER 9

NOVEL FLUORESCENT CONTRAST AGENTS FOR OPTICAL
IMAGING OF IN VIVO TUMORS BASED ON A RECEPTOR-
TARGETED DYE PEPTIDE CONJUGATE PLATFORM
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Abstract. We have designed, synthesized, and evaluated the efficacy
of novel dye-peptide conjugates that are receptor specific. Conlrary to
the traditional approach of conjugating dyes to large proteins and
antibodies, we used small peptide-dye conjugates that target over-
expressed receptors on wmors. Despite the fact that the peptide and
the dye probe have similar molecular mass, our results demaonstrate
that the affinity of the peptide for its receptor and the dye fluorescence
properties are both retained. The use of small peptides has several
advantages over large biomolecules, including ease of synthesis of a
variety of compounds for potential combinatorial screening of new
targets, reproducibility of high purity compounds, diffusiveness to
solid tumors, and the ability to incorporate a variety of functional
groups that modify the pharmacokinetics of the peptide-cye conju-
gates. The efficacy of these new fluorescent optical contrast agents
was evaluated in vivo in well-characierized rav tumor lines expressing
somatostatin {sst) and bombesin receptors. A simple continuous
wave optical imaging system was employed. The resulting optical im-
ages clearly show that successful specific tumor targeting was
achieved. Thus, we have demonstrated that small peptide-dye conju-
pates are effective as contrast agents for optical imaging of tumors.
© 2001 Society of Photo-Optical instrumentation Enginecers.  [DOL 10.1117/1,13152748)
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1. Introduction
Interest in the early detection of tumors has increased recently
as’a resull of the increasing number of deaths caused by
cancer.! Common methods for cancer diagnosis rely on the
physical detection of a palpable tumor mass or the use of
. different forms of mentgcnngmphy seinigraphy. ulirasound
and magnenc resonance imaging techniques for tissue
imaging.>* [n both cases, the presence of a significant tumor
mass is necessary for reliable diagnosis, at which stage patient
prognosis may have afready been compromised. Recently. op-
tical imaging has been proposed as an allernative tumor de-
tection method with greal potential in clinical dizgnosis.”™®
Amaong other advantages over conventional modalities, the
optical approach uses neither {onizing radistion nor radioac-
tive materials, and a wealth of informalion can be extracted
from lighl-tissue interaction in the elecromagnetic region of
interest. ¥~

As in traditional imaging techniques. optical contrast
agents designed to enhance the differentiation of normal from
abnormal tissues in vive would resuli in an increased sensitiv-
ity and specificity For umor detection.'’ The ideat properties
for optical contrast agemts include biocompatibility, high mo-
lar absorplivity and Auorescent quantum yield. Furthermore,

Address alt cerrespandence to Richard B. Dorshow. Tel: 334-719-4550; E-mail;
dorshow@mallaps.org
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compounds whicl absorb or emil in the near infrared {(NIR)
region of the electromagnetic spectrum are also desirable due
to the enhanced tissue penetration of light in this wavelength
range,'*?

Localization of dyes in tumnors can be mediated by several
factors, including leaky vasculature and high metabolic activ-
ily in profiferating cells.® However, tumor targeting by such
nenspecific mechanisms may not differentiate inflammation
from benign or malignant tumors, In addition, nonspecific
contrast agenls initially distribute to several organs, hence,
require a prolonged waiting period (o clear from normal tis-
sues.

Advances in tumor biology have shown that many tumors
over-express specific receptors that could be used to differen-
tiate them from normal cells.**?' Therefore, ligands for such
receptors can be used as drug delivery vehicles to enhance
tumor specificity.**® Studies by scintigraphic imoging have
demonstrated the feasibility of targeting tumor receptors with
antibodies and other large biomolecules.®** Adaptation of
this approach to optical imaging has been described.”®?" How-
ever, such large molecules are preferentially taken up by the
liver and can clicit adverse immunogenic reactions in
humans.?® Some have very long blood residence times, which
prolongs the period required for improved tumor-to-
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background ratio.”® For solid tumors. which rely on the diffu-
sion of biomarkers fiom the vasculature, penetration of large
dye biaconjugates is not favorable die to the net posilive
pressure within the. tumor.™® Hence, a better method to spe-
cifically deliver optical prabes to tumars is highly desirabie.

Retent studies in nuclear medicine have demonstrated that
atlachment of chelating agents to small molecular peptides
can be vsed to targel tumors without loss of receptor affinity
of the peplides® {sce Figure (), This approach has several
advantages with respect to either the use of nonspecific agents
or the conjugation of probes to large bionolecules. Such ad-
vantages include enhanced localization in tumors, rapid clear-
ance from blood, and the possibility of synthesizing a combi-
natorial library of peplides for rapid identification of bioactive
products.®® Qur goal in this sty was to replace the radiola-
beled chelate component of the peptides used in scintigraphy
with fluorescent dyes while preserving the receptor affinity of
the peptide and the Ruorescence of the dye. To this end, we
designed and synthesized novel dye-peptide conjugates that
are receplor specific. '

The efficacy of these new fluorescent conirast agents
(sometimes referred to in the literature as *“molecular bea-
cons,”’ or ““designer fluorophores™) was evaluated /i vive in
two well-characterized rat tumor models using a simple con-
tinuous wave fluoreseence imaging apparatus. These models
were chosen because both cell lines have been used exten-
sively in nuclear medicine as in vitro cell binding assay sys-
tems and for in vive tissue biodistribwtion studies. Several
laborataries currently use the CA20948 rat tumor model for in
viva evaluation of novel sst; speeific compounds. The AR42-J
cell line is known to express mulliple receptors., and this line
has been widely used in cell binding assays and fnt- vivo bio-
distribution studies in severc combined immunodeficient
(SCID) and athymic nude mice. Therefore, both animal mod-
els serve as appropriate i vive sysiems to demonstrale and
establish the concepl of receptor-medinteduptake and reten-
* Hon of novel fluerescent dye-peptide conjugules expressed on
cell surface tumor lines in vivo.

2 Materials and Methods
2.1 Indocyanine Green

Indocyanine green (ICG) was obtained from Sigma (St Louis,
MO), and was used without further purification.

The structure of ICG is schematicalty shown in Figure
2(a).

2,2 Synthesis of Bispropylcarboxymethylindocyanine
Dye (Cypate}

A mixture of 1.1,2-trimethyl-[ 1H]-benz[eJindole (9.1 g, 43.58
mmole) and 3-bromopropanoic acid (10.0 g, 65.37 mmoles)
in 1,2-dichlorobenzene (40 mb) was heated at 1(0°C lor 12
h. The solution was cooled to room temperature and the resi-
due obtained was filtered and washed with a mixiure of ac-
etonitrile:diethyl ether (1:1), The solid obtained was dded un-
der vacuum to give 10 g (64%) of light brown powder. A
portien of this solid (6.0 gi 16.56 mmole) was added o 2
mixture of glutaconaldehyde dianil monchydrochloride (2.36
g 8.28 mmoles) and sodium acetate trihydrate (2.93 g, 21.53
mmoles) in ethanol (150 mL) and the resulting heterogencous
mixture was heated at reflux for 90 min. After evaporating the
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(a)

®

R o OPhe-Cys-Tyr-DTrp-Lys-The-Cys-Thr-CH

[Cylate, Octraotale derivodve)

{e)

R = Gly-Ser-Gly-Gin-Trp-Val-Ala-Gly-Hs-t ou-Mat-NH,
{Cyhesin, Bombasin darivative}

(@)

Fig. 2 Structure of {a} the dye ICG, (b} the dye cypate, {c) the peptide-
dye conjugate cytate, and {d) the peptide-dye conjugate cybesin,

solvent, the residue was washed with HCl (2M, 4X40 mL)
and the green paste obtained was lyophilized in waler:aceto-
nitrile (3:2) to give 2 g of dark green flakes. Cypale was
obtained in grealer than 99% purity as established by
"H-nuclear mognetic  resonance  {NMR)  and liquid
chromatography-mass speetrometry {LC-MS). :

The structure of cypate is schematically shown in Figure
2b).

2.3 Synthesis of the Cypate-Octreotate Peptide
Conjugate (Cytate)

The octapeptide was prepared by an automated fuorenyl-
methyloxycarbonyl (Fmoc) solid phase peptide synthesis™ us-
ing a commercial peptide synthesizer from Applied Biosys-
tems (Model 432A SYNERGY Peptide Synthesizer). The first
peplide carridge contained Wang resin pre-loaded with
Fmoc-Thr an a 25 umele scale. Subsequent cariridges con-
taining Fmoe-protected amino acids were sequentially at-
tached to the resin-bound amino acid. The peptide was syn-
thesized from the C—N terminal using 2-(1H-benzotriazol- |-
y1)-1.1.3.3-tetramethyluronium hexafluorophosphate (HBTUY



tumor

Fig. 1 Scintigraph of a somalastalin sst, receptor-rich CA20948 tumor
bearing Lewis rat at 24 h pestadministration of the radiolabeled pep-
lide conjugate ' In-DTPA-Y-Octreotate. Specific retention of this ra-
diolabeled tracer is observed in the sst; pasitive umor {left flank area},
with nonspacific uptake observed in the kidneys. This gamma scinti-
graph was rmeasured using Picker 3008X gamma camwra inlerfaced to
a dedicated Odyssey Image pracessor. The image was oblained wilh a
large field of view camera fitled wilh a medium energy collimator,
with the peak energics centered at 171 and 245 keV far In-111,

(CH

(b}

Fig. 5 Time sequence fluorescent images of ICG in a normal tnontu-
mor bearing) rat at {a) 1 min postadministration, and {b 60 min post-
administration, A 0.5 mL belus intravenous administration of an ague-
ous solution of 1ICG (at 5.4 xM concentration) was dosed. Rat was in
prang position.
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Fig. 6 Time sequence (luorescent images of ICG in a CA20948 tumor-
hearing rat at {a} 1 min postadministration, and {b) 60 min postadmin-
isiralion. A 0.5 mbL bolus intravenous administration of an aqueous
solution of ICG (at 5.4 pM concenlration) was dosed. Rl was in
prone positicn.



tumor

@ ®

Fig. 7 Time sequence fluorescent images of cypate in a CA20948 twmor-bearing rat at (a) 1 min posladministration, and (b} 60 min postadminis-

tration. A 0.5 mL bolus intravenous administration of an aqueous solution of cypate (at 5.2 uM concentration) was dosed. Rat was positioned on
its side.

tumor

(£ (b}

Fig. 8 Time sequence fuorescent images of ICG in an AR42-) umor-bearing rat at {a) | min postadministration, and () 60 min postadministration.
A 0.5 mL bolus intravenous administration of an aqueous solution of ICG (at 5.4 M concentration) was dosed. Rat was in prone position.
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Fig. 3 Schematic of the in vive imaging apparatus.

N-hydroxybenzotriazole as coupling tcagent. After the
synthesis was complete. the thiol group was cyclized with
thallivm trifluoroacetate.

While still on solid support, the last N-terminal Fmoc
group (Phe) was removed and the resin-bownd peptide was
added o -pre-activated cypate (53 mg, 75 mmole; pre-

"+ activated with HBTU in danethyl sulfoxide (DMSO) for 30

min). After 3 h, the peptide was cleaved from the resin and
the side chain protecting groups were removed with o mixture
of 85% trifluoroacetic acid, 7.5% water. and 7.5% thioanisole.
The peptide-dye conjugate was precipitated with ¢old r-butyl
methyl ether and lyophilized m acetonitrile:water (2:3) mix-
ture. ‘The crude preduct was purified by high performance
liquid chromatography (HPLC) to give cytate in 99% HPLC
purity.

The struciure of cytate is schematically shown in Figure
2(e). :

2.4  Synthesis of the Cypate-Bombesin Peptide
Analogue Conjugate {Cybesin}

Cybesin was prepared by the same procedure described for
cylute except that cyclization with thallium triffucroaceinte
was not needed, Side-chain deprotection and cleavage of the
peptide from the resin was carried out with SO uL each of
cthanedithiol, thioanisole and water, and 850 uL of trifluoro-
acelic acid, HPLC purity was established at greater than
99.5%.

The structure of cybesin is schematically shown in Figure
2{d}.

2.5 Tumor Lines
Two distinct umor lines were employed in these studies.

2.5.1 Pancreatic Acinar Carcinoma
(CA20948) Tumor

Male Lewis rais (120-140 g) were implanted with the pun-
creatie acinar tumor by serial implantation of sohid material
from a donor anamal Lo a recipient animal. This transpluntable
tumor line has previously been shown 10 express somatosttin
(ssta) receptors, and has been widely used in fn vitre and in
vivo receptor binding assays. > The number of binding sites
has been determined wt 489 fmel/mg protein.®® Briefly, n tu-
mor is exeised aseptically from a donor animal, rinsed with
sterile saline and placed in a petri dish containing Gibeo me-
dia 199. From this tissue, an off-white solid material was
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Fig. 4 In vivo fluorescence time dependence measured at the ear of
rats with normal liver function after a 0.5 mt bolus intravenous ad-
ministration of an aguecus solulion of ICG (at 5.4 M concentration),
or an aquecus solution of cypate {a1 5.2 M concentration).

obtained, which was Further cut into smaller (~2 X2 mmn}
pieces before placing it in 4 second petri dish containing me-
din 199. A single tumor picce was then placed into the bevel
of a cancer implant needle. The recipient animals were anes-
thetized with halothane gas, and the left flank prepared by
swabbing with povidone solution tollowed by cleansing with
70% isopropuncl. The trocar contining the twmor maerial
was inserted subculaneously and then advanced 1o the center
of the hind leg region. The maierial was released using the
obdurator, followed by removal of the implant needie. Pal-
pable tumor masses are evident approximately nine days post-
implant. and between 13 und 15 days postimplant the tumor
masses reach 2-2.5 g at which time they are used in the
imaging studies described below, This tumor line has been
maintained in vive by serial implantation for more then 120
generations with no change in receplor expressio,

2.5.2 Pancreatic Acinar Carcinoma (AR42-})
Tumor

This cell line is derived from exocrine ral pancrealic acinar
carcinonix. It can be grown in continuous culture or main-
lained in vive in athymic aude mice, SCID mice or in Lewis
rats. This cell linc is particularly attraclive lor in vitro recep-
tor assuys as it is known (o express a variety of hormone
receptors including cholecystokinin, epidermal growth factor,
pituilary adenylate cyclase activating peptide, somatostatin
(sst2) and bombesin."

In this model, male Lewis rats were implanted with sohid
tumor material in & similar manner as deseribed for the
CA20948 rat madel. Palpable masses were present scven days
postimplant and jmaging studies were conducted on animals
at 10-§2 days postimplant when the mass had achieved
~+2-2.5g. This tumor line has been maimained in vivo for
more than 20 generations withoul change in receplor expres-
sion.

2.6 Animal Preparation and Dose Administration
Procedure

All sludies were conducted in compliance with the Maltinck-
rodt Animal Welfare Committee’s requirements for the care



and use of Izboratory animals in reseorch. The animals were -

anesthetized with ral cocktuil (xylazine; ketumine; acepro-
mazine 1.5: 1.5: 0.5) at 0.8 ml/kg via intraperitoneal injec-
tion. The area of the tumor (left fank) was shaved to expose
the tumor and surrounding surface area, as was the contralat-
eral flank which served as the control. A 21 gauge butterfly
infusion set equipped with i stopcock and two syringes con-
tnining heparinized saline was placed into the lateral tail vein
_of the rat. Patency of the vein was checked prior 1o adminis-
tration of the agent via the butterfly apparatus.

2.7 Imaging Apparatus and Procedure

A simple noninvasive in vive continuous wave fluorescence
- imaging apparatus was employed lo assess the efficacy of
contrast agents developed for lwnor detection in animal mod-
els. A schematic of this appuratus is shown in Figure 3, Light

+ {rom a LaserMax Inc, laser diode of nominal wavelength 780
an dnd nominal power of 40 mW was launched into a fi-
beroptic bundle. A defocusing lens in position afier the bundle
expanded the beam such that most of the rat was illuminated.
The laser power at the output of the bundle was approxi-
matcly ene half of the inputl power.

‘The detector- was a Princeton Instruments model RTE/
charge coupled device (CCD)-1317-K/2 CCD camera with a
Rodenstock 10 mm F2 lens (stock No. 542.032.002.20) at-
tached. An 830 nm interference lens (CVI Laser Corp. part
No. F10-830-4-2) was mounted in front of the CCD input lens
such that only emitted fuorescent light from the contrast
agent was imaged. [mages were acquired and processed using
WinView sofiware from Princeton Instruments.

An image of the animal was taken pre-administration of
contrast agent. Subscquenily. inages were typically tuken at
0.5, 1.2, 5. 10, 20, 30, 45, 60, and 90 min postadministration
of the agent, all performed with the rat in a stationary posi-
tion, Data analysis consisted of subtracting {pixel by pixel)
the pre-administration image from the postadiministration im-
ages, und displaying the false color results. An approximate
24 h time point was also imaged, however the subtraction of
the original background was net performed since the animal
had been removed from the sample area and returned at this
later time.

3 Results

3.1 Clearance of Dyes in Nontumored {Normal)
Animals

3.1 Clearance Monitoring

Cypate dye, as well as ICG for comparison, was administered
to nontumor bearing rats in order Lo ascertain its intrinsic
blood clearance rate before conjugation to the respective pep-
tides. The appuratus which monitors clearance of a fluorescent
ageni from the bloodstream has been described extensively
elsewhere, as have the results employing 1CG."® A typical
clearance curve for cypate (from a sampling of n=3) is
shown in Figure 4, along with a typical result for 1CG {from a
sampling of #=0G) using the same methodology. Cypate has
essentially the same rapid and complete clearance profile as
1CQ. TCG is well known to be cleared from the vasculature by
the liver, with more than 90% eliminated within 15 min.™®
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312 Imaging

Time sequence images pre- and postadministration of a 0.5
mL aqueous solution of ICG (at 5.4 M concentration) were
obtained with the oplical imager shown in Figure 3. The en-
tire rat fluoresced at 30 s postadministration (which was the
earliest time point image taken), had the highest intensity a
aboul | min postadministration, and was subsequently fol-
lowed by a rapid loss of fluorescence with time. A small
amount of residual fluorescence was seen after 1 h postadmin-
istration, in accordance with previous studies involving ICG
clearance monitoring.'* Typical images from an n=4 study
are shown in Figure 5 at | and 60 min post dye administra-
tion. :
Time sequence images pre- and postadministration of 0.5
mL aqueous solution of cypate of concentration 0.5 mg/mL
were also obleined (images not shown), Once again, the entire
rat again Auoresced at 30 s postadministration, had the highest
intensity at about | min postadministration. and was subse-
quently followed by a rapid loss of Auorescence with lime. A
small amount of residuat fluorescence was seen after i h post-
administration. Thus, cypate blood clearance is very similar o
that of ICG. in accordance with the nonimaging clearance
manitoring sludy described above.

3.2 Clearance and Uptake of Dyes in CA20948
Tumor-Bearing Animals

ICG, and its derivinized analog cypate. were administered to
€CAZ20948 umor bearing rats in order to ascertain tumor up-
take and retention of each dye independent of conjugation to
the targeting peptide.

3.2 ICG

Time sequence images pre- and postadministration of a 0.5
mL aqueous selution of ICG {(at 5.4 M concentration) were
obtained, and typical images from an =4 study at 1 and 60
min postadministration arc displayed in Figure 6. The entire
rat fluoresced at 30 s postadministration, reached the highest
intensity at approximately | min postadministration. and was
subsequently followed by a rapid loss of fluorescence. The
tumor also fluoresced at 30 s postadministration. reached the
lighest intensity at approximatecly 1 min postadministration,
and was subsequently followed by a rapid loss of fluores-
cence. Thus, ICG does not bind to, does not leak into, nar
localize in this somatostatin receptor-rich tumor lissue. A
small amount of total body residual fluorescence is seen after
I h postadministration, in accordance with the results from
normal rats.

3.2.2 Cypate

Time sequence images pre- and postadministration of 0.5 mL
agueous solution of eypate (at 5.2 uM concentration) were
obtained, and typical images from an n=4 study at | and 60
min postadministration are displayed in Figure 7. The entire
rat lworeseed at 30 s postadministration, reached the highest
intensity at approximately 1 min postadmimistration. and was
subsequently followed by a rupid loss of fluorescence. The
lumor also fluoresced at 30 s postadministration, reached the
highest intensily at approximately | min postadministration,
and was subsequently followed by a rapid loss of fuores-
cence, Thus, cypate also does not bind to, does not leak into,



tumor

la} by

Fig. 9 Time sequence {luorescent images of cypate in an AR42- tumor-bearing rat at (al 1 min postadminisiration, and (b) 60 min postadminis-
‘ration. A 0.5 mb beles intravenous administration of an aqueous solution of cypate (at 5.2 #M concentration) was dosed, Ral was in prone
positicn. ’

{a} (b}

Flg. 10 Time sequence fluorescent images of cytate in a CA20948 wmar-bearing rat (a) 1 min postadministration, and (&) at 45 min postadmin-
istration, A 0.5 mL belus intravenous adminisiration of an agueous solution of cytate {at 6.0 uM concentration) was dosed. Rat was in prone
position.
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Fig. 12 Ex-vivo tissues and organs from a CA20948 tumor bearing rat
Fig. 11 Fluorescent image of cytate in a CA20948 tumor bearing ral 1 at 27 h postadministsation.

27 h postadministration. Cytate is well [ocalized in the tumor,

@ b)

Fig. 13 Time sequence fluorescent images of cybesin in an AR42+[ tumer bearing rat {2 1 min postadminisiration, and (b} at 60 min postadmin-

istration. A 0.5 ml, bolus intravenous administration of an aquecus solution of cybesin (al 6.0 #M concentratian} was dosed. Rat was in prone
position.

pancreas 3 : adrenals
muscle spleen
Fig. 14 Fluorescent image of cybesin in an AR42-| wmor bearing rat Fig. 15 Ex-vivo tissues and organs irom an AR42- tumar-bearing rat
at 22 h postadministration, Cybesin is focalized in Uk tumor. al 22 h postadminisration.
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nor localize in this somatostatin receplor-rich tumor tissue. A

small amount of total body residual fluorescence is seen after

1 h postadministration, in nccordance with the results from
- normal rats, '

3.3 Clearance and Uptake of Dyes in AR42-)
- Tumer-Bearing Animals

331 ICC
- Time sequence images pre- and postadministeation of a 0.5
-+ mL aqueous solution of ICG (at 5.4 uM concentration) were
* obtained, and typical images from 2 #=2 study at 1 and 60
min postadministration are displayed in Figure 8. The entire
rat fluoreseed at 30's postadministration (which was the ear-
liest time point image taken), achieved the highest intensity
near 1 minpostadministration. which then dissipated rapidly.
“The wmor also Auoresced a8 30 s postadiministration,
“achieved the highest intensity near | min postadministration,
then dissipated rapidiy, Thus. 1CG does not bind to, does not
leak into, nor localize in this bombesin receptor-rich wmor
tissue. A small amount-of total body residual fluorescenve was
seen after 1 h-postadministeation, in aecordance with the re-
sults from nommal rats,

3.3.2 Cypate

Time sequence images pre- and postadministration of a 0.5
mL aqueous solution of cypate (at 5.2 uM conceniration)
were obtained, nnd typical images from a n=2 study at | and
60 min postadministration are displayed in Figure 9. The en-
tire rat fluoresced at 30 s postadministration (which was the
carliest time point image taken), had the highest intensity near
1 min postadministration. then faded rapidly. The twmor also
ltuoresced at 30 s postadministration, had the highest intensity
near | min postadministration, then faded rapidly, Thus, cy-
pate also does not bind to, does not leak into. nor localize in
this. bombesin receptor-rich tumor. A small amount of totzl
body residual fluorescence is seen afier | h postadministra-
tion. in accord with the results from normal rals,

3.4 Uptake of the Dye-Peptide Conjugates in
Tumor-Bearing Animals

Fluorescence serial time sequence images of the tumor bear-
ing tats were typically followed for 90 min postndministra-
tion. The rats were retumed o their cages, and then subse-
quently re-imaged at approximately 24 h postadministration.
After this image, the rat was sacrificed, and the internal or-
gans were imiged ex vivo 10 observe the biodistribution of the
fluorescence.

3.4.1 Cytate in CA20948 Tumor-Bearing
Animals

Time sequence images pre- and postadministration of a 0.5
mL agueous solution of cytate (at 6.0 M concentration) were
obtained. Typicat early time point images from a 7=6 study
at 1 and 45 min postadministration are displayed in Figure 10,
The fluorescence at | min postadministvation is evident, al-
though not as inlense as with the cypale dye alone. Accemu-
lation of the fluorescent conjugate in the tumor was clearly
evident at 45 min postadministration.
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Table 1 Ratio of wmor to nomal tissue (TANT).

| CA20948 AR42
Normal tissve T/NT T/NY
Muscle 20 5
Haart ) 7 25
Kidney 5 3
Spleen 5 14
Adrenols 2 7
Liver 2 1
Poncreos ] 9

A typical image from the above study obtained at approxi-
mately 24 h postadministration is shown in Figure 1. Prefer-
ential Jocalization and retention of the dye-peptide conjugate
in the tumor was readily observed. At this time point. the vast
majority of ehis compound ltad been ¢liminated from all other
tissues, with only a residual fluorescence still observed within
the ral.

A Auorescence map of several ex vive organs and tissues
from the above study is shown in Figure 12, The somatostalin
receptor-rich tissues of the wmor, pancreas and the adrenal
glands, indicate specific localization of the Aluorescent label.
Residual uptake of compound in the liver, due presumably to
the dye component, was evident. A rough estimate of the
average pixel intensity within a lissue was employed to con-
struct the lumor-to-normal tissue ratios listed in Table I for
this CA20948 twmor line. Average values from a n=3 sam-
pling are given.

3.4.2 Cybesin in AR42-) Tumor-Bearing Animals
Time sequence images pre- and postadministention of a 0.5
mL agueous solution of cybesin (at 6.0 M concentration)
were abtained. Typical early lime point images from a #=3
study at 1 and 60 min postadministration are displayed in
Figure 13. The fluorescence at | min postadministration per-
vades the entire body of the rai. Accumulation of fluorescence
at the tumor site on the kefl fank is evident as early as | min
postadministration. The position of this particular tumor ap-
parently inhibits free capiilary flow in the left leg. and some
of the compound is trapped there for a prolonged time. A1 60
min postadministration the difference between the tumored
left flank and the contralateral nontumored Hank is easily dis-
linguishable.

Figure §4 is an image of the 22 h time point postadminis-
tration. Localization and retention of the dye-peptide conju-
gate in the wmor is readily observed. The compound has
mainfy been eliminated from all other tissues, although a




small residual fluorescence is still seen to emanate from the
remainder of the rat. The agent prewously trapped in the left
leg has heen eliminated,

A fluorescence map of several ex vive organs and tissues is
shown in Figure 15. The bombesin receptor-rich tumor is
highly fluorescent with respect to the muscle and heart tissues,
which are harely distinguishable from the background. Uptake
of the compound by the liver. due presumably 1o the dye
component, was observed. The two hombesin positive tissucs,
pancreas and tumor, indicate receplor mediated specific up-
take and relention. Again, a rough estimate of the averuge
‘pixel intensity within a tissue was employed to construet the
tumor-to-normal tissue ratios listed in Table | for this AR42.J
lumor line. Average values from a #=3 sampling are given.

4 Discussion

ICG is well known Lo be cleared from the vasculalure by the
liver, with subsequent excretion through the large intestine,
The rapid rate of clearance is jllustrated by two different ex-
“periments in Figures 4 and 5.

Figures 6 and 8 definitively show that ICG is neither tumor
sclective for the pancreatic acinar tumor ling CA20948 nor
the pancrentic acinar tumor line AR42-]. Coupled with our
previously published observation that 1CG does accumule in
the DSL6/A rat pancreatic tumor madel, and in the Dunning
R3327H prostate tumor madel*®* (both presumably due (o a
leaky vasculature system in the wimor), we conclude that there
is no specific mechanism of action for this dye to localize in
tumors. Although previous reports in the literature suggest a
mechanism of active preferential uptake of ICG in tumars,*
our findings based en repeated experiments in several tumor
lines demonstrate that ICG uptake in tumors is not a universal
phenomenon. Therefore, use of ICG for tumor differentiation
may be expected to result in many false positives and false
negatives, and thus its use would not be reliable for general
clinical prognosis in tumor delection.

Figures 7 and 9 definitively show that cypate is not tumar
selective for either rat pancreatic acinar tumor lines CA20948
or AR42-J. Thus, the dye gione (not conjugated to the pep-
tide) does not accumulate in tmor tissue. This observation is
the negative control for our hypothesis that only the dye-
peptide conjugates are recepler specific, and the dye alone
(cither ICG or cypate) is not. The CA20948 tumor is known
to over express the sty receptor. Fortunately, several soma-
Lostatin peptide analogues have been demonstrated by gamma
scintigraphy to target the sst, receptor.™ Indeed, 2 commercial
nuclear medicine diagnostic product based on targeting the
somatostatin tumor receptor, OctreeScan®, is currently used
far the detection of neuroendocrine twumors.> Thus, a logical
step would be the conjugation of dyes 10 biomarkers that have
high affinity for this receptor. However, the active targeting
component of this imaging agent is a small eight-amino acid
peptide. and it was not known whether the attachment of a
large dye molecule to an analoguee of this peptide would de-
crease the affinity of the peptide for the receptor. 1n addition,
the transtormation of cyanine dyes, such as ICG. for peptide
conjugation is difficult, generally requiring harsh reaction
conditions which may contribute to the attenuation of both
dye and peptide properiies.
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Consequently;>we evaltated 1hé feasibility of using smalt
peptide-dye conjugates’in tamor detection by optical imaging.
This approach fequired the synthesis of functionalizable dyes
for the attacliment of the peptides. We developed a method 10
conjugate the dyes to peptides by standard solid phase synthe-
5is, a process that is quite amenable {o automated synthesis.
Controt samp!es of aqueous solution of cytate continue to
refain their high fllorescence intensily cven afier 18 months
of storage at room temperature on an open shell.

Figures 10 and '|{ illustrate the acoumulation of cytate i
vive in the CA20948 rat wmor and the clearance of the com-
pound from the nontarget tissues. The quality of the optical
image at 27 h is very similar 1o that of a scintigraph cmploy-
ing a radiolubeled peplide analog.™ Comparison of Figure 11
with Figure 7 leads to the conclusion that the receplor target-
ing moiety of cylate retains affinity for the recepior, and the
dye retains its fluorescence. Thus, the images confirm that
cylale is a receptor-specific targeted fluorescent contrast
agent.

Figure 12 graphically depicts the biodistribution of cytate
in several organs and tisswpes. The tumor-to-muscle mtio,
given in Table 1. is approximalely an order of magnitude
greater than the porphyrin compounds currenlly cmployed in
photodynamic therapy.***® Thus, cylate is a receptor lurgeled
fluorescent contrast agent with a high tumor-to-muscle tissue
biodistribution.

The corresponding ratios for the pancreas and adrenals are
also rather low, as those two organs naturally express the sst,
receptor and therefore, like the tumor, indicate a greater up-
lake and relention of the dye-peptide conjugate. In addition,
the peptide is metabolized to smaller amino neid fragments in
vivo, which are retained within the lysosomal compartiment of
the renal cells. This metabolic breakdown of the peptide’
results in the persistent localization of the dye-peptide conju-
gate in the kidneys, and hence the low tumor-to-kidney tissue
ratio, Last, the low tumor-to-liver tissue ratio is presumably
duc to the well-known preferential uptake of the dye by the
liver. )

Ex vive inspection and further dissection of the umor tis-
sue revealed thar the fluorescence, and hence dye-peptide con-
jugate. was localized in the viable regions. Necrotic regions of
the temor were essentially devoid of fluorescence. This result
is in comrast to the recently reported finding that serum
protein -dye compounds yield fluorescence signatures that
were ‘“mainly localized in the necrotic regions of the
tumors.”* *

Figures 13 and 14 illustrate the accumulation of cybesin in
vivo in the AR42-J rt tumor and the clearance of the com-
pound from the nontarget tissues. The guality of the optical
image at 22 h is very similar to that of a scintigraph employ-
ing the radiolabeled peptide analog.™ Comparison of Figure
14 with Figure 9 leads to the conclusion that the receptor
targeting moiety of eybesin retains affisity for the receptor,
and the dye retains its fluorescence. Thus. the images confirm
that cybesin is a receptor-specific targeted Huorescent contrast
agent.

Figure 15 graphically depicts the biodistribution of cybesin
in scveral organs and tissues. The tumor-to-muscle ratio,
given in Table 1, is also upproximalely an order of magnitude
grealer than the porphyrin compounds currently employed in
photedynumic therapy. ™ Thus cyhesin is a receptor-targeted



fluorescent contrast agent with a Iugh tumor—to-muscle tissue
biodistribution,

The bombesin receptors on the pancreas, and to a lesser
extent on the adrenal plands, are naturally expressed in o
lower density with respect to-the somatostatin receptors. Thus.
this aceounts for the higher tumor-lo-normal tissue ratio for
these two organs in the AR42-J tumor line than in the
CA20948 tumor line. The kidney retention is not believed to
e the resull of specific uptake, but most likely is the result of
in vivo metabolism of the parent peptide into smaller frag-
ments that persust within the renal cell lysosomes, as reported
in the literature.”” Again, the low umaor-1o-liver tissue ratio is
presemably due 1o the well-known preferential uptake of the
dye by the liver.

Furthermore, ex vive inspection and further disscotion of
this tumor tissue revealed (hat the fluorescence. and hence
dye-peptide conjugate, was also localized in the viable re-
gions.

5  Summary

Our results indicate that small peptide-dye conjugates can be

_efficacious as fluorescent contrast agents For in vivo tumor
‘detection by optical imaging. analogous to what has been
-demonstrated in nuclear medicine. Both the newly synthe-
sized cytate and cybesin compounds preferentially locatized
for over 24 h in tumors known to over-express somatostatin
and bomtbesin receplors, respectively, whereas the dye moiety
deveid of the receplor targeting peptide was not retained in
these two tumor model lines.

The wmor-to-muscle fluorescence ratio is approximately
an order of magnitude greater in the twmor targeting dye-
peptide conjugates reported herein with respect to typical
porphyrin-type campounds reported in the lilerature.®® The
images reported herein of fluorescent-glowing tumors provide
an unambiguous demonstration of tumor targeting, wilhout
resorting 1o extensive pharmacokinetic data analysis as em-
ployed for agents with low twgeting efficacy. 0

A funciionalizable carbocyanine dye, with simitar photo-
physical propertics and pharmacokinetics as 1CG was synthe-
sized. Conjugation of this dye to biomolecules was readily
achieved without loss of the relevant phatophysical properties
for deep tissue penetration of light.

The nowvel synthetic schemes employed yielded com-
pounds of purity on the order of 99% or greater, Thus, ambi-
guity in the results due 1o comtaminants was eliminated. En
addition, new techniques in the art of solid state peptide syn-
thesis were necded and developed in order to attain Lhese
levels of parity in the conjugates.

The large signals obtained using targeted exogenous con-
trast agents dllowed the use of a simple continuous wave im-
aging apparatus, with ventor supplied imaging software em-
ployed for the measurement and for the output. Neither exotic
instrumentation nor extensive data analysis and manipulation
with rigorous computer algorithms were needed.
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Summary and Conclusions

In the years since the discovery of the somatostatin receptor and the subcloning of
the five subtypes, there has been a large number of investigations into the
development of imaging agents and therapeutic approaches targeting this well
characterized receptor. The seminal work of Krenning, Lamberts and co-workers in
the late 1980's was the first to establish the feasibility of receptor scintigraphy using a
radiolabeled peptide as the targeting moiety. In 1994 '"'In-DTPA-octreotide
(OctreoScan) received FDA approval as the first product of its kind, and to this day
remains the ,,Gold‘ Standard" in somatostatin receptor scintigraphy. Krenning et al.
then continued in this area by introducing PRRT using the radionuclides In-111

(Auger) and Y-80 (Beta) for radiotherapy of this receptor.

A major improvement in the core pharmacophore (Chapter II) occurred with the
replacement of the C-terminal threcnineol with the native carboxylic acid threonine.
The modified alcohol was introduced to increase the serum ty2, with the expectations
that the native form would clear too rapidly from the blood to be an effective
pharmacophore. This seemingly subtle change resulted in superior uptake and
internalization properties of the radiolabel in sst, positive tissues in tumor bearing
animals compared to OctreoScan. The new molecule was named Octreotate. This
improved uptake, and more importantly, internalization of the compound led to the
fisrt evaluation of a medium energy beta emitting radionuclide, samarium-153, for
radiotherapy in an animal model. When chelated to CMDTPA-octreotate, this agent
demonstrated significant supression of tumor growth in the CA20948 rat mode!

compared to untreated control animals (Chapter lil). However, it was determined that
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this radionuclide suffers from two inherent drawbacks: (a) low specific activity at

<700Ci/mmol and {b} a short haif life of only 46.3 hours.

To circumvent these deficiencies while keeping the chemistry essentially unchanged,
the radionuclide Lu-177 was then evaluated. This radionuclide is availabe at a
significantly greater specific activity of >3000Cifmmol and has a ty; of 6.7 days.
Additionally, Lu-177 also possesses an 11% abundance of a 208keV gamma ray
suitable for scintigraphy and dosimetry calculations. Chelation of this radionuclide to
DOTA-octreotate (Chapter V) was performed, and the agent '""Lu-DOTA-Y-
octreotate was then evaluated in a series of biodistribution and radiotherapy studies
in CA20948 tumor bearing rats. Animals treated with 3 x 5.0mCi administered at 30
day intervals resulted in complete ablation of the tumors, and the animals survived up
to 18 months post inoculation. Efficacy of this radiotherapeutic was expanded into
two novel SSTR positive tumor bearing rat models in Chapter V. In these models the
rat acinar pancreatic cell line, AR42-J, which has been traditionally cultured in vivo in
athymic or SCID mouse models, was established in normal Lewis rats in the flank
model and in a metastatic model for liver metatsases. These newly developed
models used pre-weaned animals for inoculation of tumor cells, allowing for growth
and serial implantation of the tumor line in vivo in successive generations of Lewis
rats. These models obviated the need for athymic or SCID mice that require more
stringent barrier and housing requirements due to the reduced immune systems of
both mouse models. The therapeutic efficacy of '"'Lu-DOTA-Y3-octreotate was
evaluated in both novel rat models. Significant supression of tumor growth in the
flank model was observed compared to negative control animals, and in the liver
model three treatments of 5.0mCi of "'Lu-DOTA-Y®-octreotate resulted in virtual

elimination of liver metastases. There was re-growth of tumor masses noted in the
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flank model after 85 days suggesting that this new model may represent a more

radioresistant neuroendocrine tumor line compared to CA20948.

Breeman had previously observed that the uptake and retention of octreotide in sst.
positive tissues of the pancreas and adrenals exhibited a bell shape curve effect with
respect to the injected specific activity of the preparation. This observation was
contrary to the paradigm that maximum uptake should resuit form the highest specific
activity injected. This effect is important especially with regard to radiotherapy
applications in order to maximize tumor uptake of the therapeutic peptide.
Experiments were conducted testing the bell curve effect for octreotate labeled with
both In-111 and Lu-177 (Chapter VI). In the CA20948 tumor model no bell curve
effect was noted with either form of octreotate with the lone exception of the
pancreas when the agent was labeled with Lu-177. More importantly, these studies
showed that tumor uptake was virtually unaffecied over a very wide range of specific
activity (10-5700Ci/mmol}, and that receptor saturation at the tumor site does not
occur until the specific activity was reduced to ~1.5Cifmmol. Thus, the biodistribution
of this molecule is very different from octreotide, and as a radiotherapeutic would be
expected fo deliver a significantly higher dose to the target tissue over a wide range

of labeling conditions.

Further animal model development for somatostatin expressing fumor lines is
described in Chapter VII. Currently a pre-clinical limitation exists for the evaluation of
other somatostatin specific subtypes, most notably sst;, sst; and sst;. This chapter
describes the development of an hssf; posivtive tumor bearing rat model in a
mammary tumor line (Mat-B) normally negative for sst; expression. This tumor line

was made to express high density of the hsst; receptor through transfection of a
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plasmid encoding for that specific receptor. In this model the uptake and retention of
"L u-DOTA-Y?-octreotate was determined to be >50 times the uptake for the wild
type tumor line. Scintigraphic images confirmed the expression of the receptor and
that expression was confined to only the tumor mass. Preliminary radiotherapy
experiments also demonstrated a significant delay in tumor growth using '7Lu-
DOTA-Y>-octreotate compared to untreated control animals. The availability of the
five subclones makes it possible to use this approach in creating subtype specific
models of sst expression in vivo. Additionally, it is believed that this technology could
also enable the expression of non-somatostatin receptors such as VIP, CCK or
bombesin possible in order to evaluate peptides that specifically target these

receptors.

The issues of acute and chronic toxicity of V’Lu-DOTA-Y3-octreotate were
investigated in Chapter VIIIl. Rats were first injected with up to 100mCitkg and
evaluated for dosimetry and acute toxicology. The data show that the uptake of the
agent is significantly higher in the tumor site and lower in the kidneys compared to
*y_octreotide, and represents a safer agent for radiotherapy as a resuit. In these
studies no acute toxicity was observed except for a transient drop in WBC values and
a loss in body weight that recovered to normal values after 4 weeks. However, the
question of chronic renal toxicity was addressed in the long term surviving animals
from the radiotherapy studies from Chapter IV. Though these animals showed
complete ablation of tumor mass, mortality of the animals began to occur at ~ 12
months post inoculation. Though virtually all animals were found to be tumor free at
necropsy, there was a high prevalence of renal carcinoma (80%) and a
predisposition to karyomegaly in other animals suggesting a pre-neoplastic condition.

The prevalence of renal cell carcinoma was most pronounced in the high dose
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regimen, but even at lower doses renal carcinoma was the main cause of death, and
the high degree of renal carcinoma was likely the result of the targeting agent. These
results, must be taken into context however, as in these radiotherapy studies no
attempt to block renal uptake of the peptide using amino acid infusion was attempted.
it is well know that anino acid infusion will reduce renal uptake by approximately 50%
and that in these studies the administered doses do not reflect an optimal therapy

scenario employing a radiolabeled peptide such as '’Lu-DOTA-Y-octreotate.

In the final studies (Chapter IX) the extension of this peptide into an optically active
molecule for fluoresence imaging of sst; positive tumors was explored. Using a
modified indocyanine green conjugated to ocfreotate (Cytate) it was shown that this
agent has high affinity for the CA20948 and AR42-J tumor lines in vivo, and were the
first studies that showed imaging of tumors in vivo using a simple CCD camera
apparatus with excitation at 780nm and emission at 820nm is possible. The
chemistry was expanded to a bombesin specific flurophore with similiar imaging
results (Appendix Ill). These experiments lay the ground work for the logical
extension of this approach to photodynamic therapy (PDT) using optically modified
peptides to moieties that would liberate singlet oxygen upon excitation instead of
fluoresence as shown in this initial work. The improvement over conventional PDT
agents such as Photophrin IX or 5-ALA is that a highly receptor specific peptide like
Cytate would deliver a greater therapeutic dose to the target tissue, and also reduce

the toxicty associated with non-specific porphyrin like agents.

In the appendices the articles authored by Kwekkeboom reduce the concept of using
a low energy beta emitting radionuclide to clinical practice with '’Lu-DOTA-Y>-

octreotate. These two studies confirm the pre-clinical hypothesis and data from this
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thesis that a low energy beta emitter like Lu-177 can have significant therapeutic
potential. The current use of this agent has been considered to be most promising by
the physicians of record, and that the use of '"’Lu-DOTA-Y?-octreotate is clinically

superior to *°Y-DOTA-Y*-octreotate for radiotherapy of neuroendocrine tumors.
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Samenvatting en Conclusies

Sinds de ontdekking van de somatostatinereceptor en het subkloneren van de vijf
somatostatinereceptor-subtypes is er veel research gestart met betrekking tot de
ontwikkeling van radiofarmaca voor imaging en therapie via deze goed
gekarakteriseerde receptor, Het werk van Krenning, Lamberts en medewerkers eind
jaren 80 van de vorige eeuw liet als eerste zien dat receptorscintigrafie met behulp
van een radioactief gelabeld peptide mogelijk is. In 1994 ontving '""In-DTPA-
octreotide (OctreoScan) goedkeuring van de FDA en tot vandaag is het de "Gouden
Standaard® voor somatostatine-receptor-scintigrafie. Krenning et al. continueerden
met de introductie van peptide-receptor-radionuclide-therapie (PRRT) via de
somatostatine receptor met behulp van de radionucliden In-111 (Auger) en Y-80

{Beta) for radiotherapie.

Een belangrijke verbetering in de uitgangsstof octreotide (Hoofdstuk 2} ontstond door
de vervanging van het C-terminale threcnineol door het natieve threonine. De
gemaodificeerde alcoheol threoninecl was indertijd geintroduceerd om de
serumhalfwaardetijd te verlengen, de verwachting was dat de natieve vorm te snel uit
het bloed geklaard zou worden om effectief te kunnen zijn.

De ogenschijnlijk subtiele vervanging van threonineol door threonine resulteerde
echter in superieure opname- en internalizatie-eigenschappen ten opzichte van
OctreoScan in somatostatinereceptor (met name subtype 2(ssto)-positieve organen
en tumoren in tumordragende ratten. Het nieuwe molecuul kreeg de naam
octreotate. De verbeterde opname en, belangrijker nog, internalizatie van deze stof
leidde tot het onderzoek naar de mogelijkheden van radiotherapie in een diermodel

met behulp van een beta-emitter met gemiddelde energie, samarium-153, gekoppeld
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aan octrectate via de chelator CMDTPA. Deze stof kon significante suppressie van
tumaorgroei in het CA20948-rattentumormodel bewerkstelligen in vergelijking met die
in onbehandelde controledieren (Hoofdstuk HlI). Samarium-153 had echter 2
nadelen: (a) lage specifieke activiteit <700Ci/mmol en (b) een korte halfwaardetijd

van slechts 46.3 uren.

Om deze problemen op te lossen zonder de chemie van het molecuul in belangrijke
mate aan te moeten passen, werd het radionuclide Lu-177 onderzocht. Dit
radiocnuclide is beschikbaar met een veel hogere specifieke activiteit (>3000Ci/mmol)
en heeft een halfwaardetijd van 6.7 dagen. Lu-177 zend naast betadeeltjes ook
208keV gammastraling uit, die =zeer geschikt is voor scintigrafie en
dosimetriebepalingen. Dit radionuclide werd gelabeld aan DQOTA-octreotate
(Hoofdstuk IV) en het radiofarmacon "7Lu-DOTA-Y>-octreotate werd onderzocht in
biodistributie- en therapiestudies in CA20948-tumordragende raften. In dieren
behandeld met 3 x 5.0mCi (30 dagen interval) werd complete ablatie van de tumoren
gevonden en de dieren leefden tot tenminste18 maanden na tumorinoculatie. De
efficientie van het radicfarmacon werd getest in twee nieuwe sst-positieve
tumormodellen in ratten (Hoofdstuk 5). in deze modellen de rattenpancreascellijn
ARA42J | die tot dan alleen gebruikt werd in athymische of SCID-muizen, werd
geintroduceerd in normale lLewis ratten in een flanktumormodel en in een
metastasenmodel voor levermetastasen. Deze nieuwe modellen maken gebruik van
Zeer jonge ratten, waardoor tumorgroei en seriele implantatie in meerdere generaties
Lewis-ratten mogelijk werd. Hierdoor was het gebruik van athymische of SCID-
muizen, waarbij hogere eisen gesteld moeten worden aan huisvesting vanwege hun
verminderde immuunsysteem, voor deze studies niet meer nodig. De therapeutische

werkzaamheid van L u-DOTA-Y-octreotate werd onderzocht in  beide
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rattenmodellen {flanktumor- en levermetastasenmodel). Significante
tumorgroeisupressie werd gezien in het flankmodel in vergelijking met controledieren
en in het levermodel resulteerden drie behandelingen 5.0mCi ""Lu-DOTA-Y-
octreotate in zichtbare eliminatie van levermetastasen. Hergroei van tumor werd
gezien in het flankmodel na 85 dagen, hetgeen suggereert dat dit nieuwe

tumormodel meer radioresistent is dan de CA20948-cellijn.

Eerdere studies hadden getoond dat de opname en retentie van octrectide-analoga
in ssty-positieve weefsels, zoals de the pancreas en bijnieren, een bellshapecurve
vertonen als ze uitgezet worden tegen afnemende specifieke activiteit. Deze
observatie was onverwacht, het paradigma was dat de maximum opname gevonden
zou worden bij de hoogste specifieke activiteit. Dit effect is belangrijk met betrekking
tot radiotherapie, omdat daar gestreefd moet worden naar de maximale opname van
het therapeutische peptide in de tumor. Experimenten zijn daarom uitgevoerd om de
bellshape van octreotate gelabeled met In-111 and Lu-177 te onderzoeken
(Hoofdstuk VI). In het CA20948-tumormodel werd geen echte bellshapecurve
gevonden voor octreotate, met uitzondering van opname in de pancreas na labeling
van het peptide met Lu-177. In feite lieten de experimenten zien dat de tumoropname
betrekkeliik hoog bleef over een grote range van specificke activiteiten (10-
5700Ci/mmol) en dat volledige receptorsaturatie van de tumor pas gevonden werd bij
~1.5Ci/mmol. Dus is de biodistributie van dit molecuul anders dan die van octreotide
en ais radiotherapeuticum zal het een hogere dosis leveren op de tumoren over een

grotere range van labelingscondities.

Een ander diermodel voor sstz-positieve tumorcellijnen is beschreven in Hoofdstuk

VII. Dit hoofdstuk beschrijft de ontwikkeling van een hsst,. positief rattentumormodel,
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de borsttumorcelliin Mat-B die normaal ssty-negatief is. Deze tumorcelliin is
getransfecteerd met een plamide dat codeert voor deze receptor waardoor in hoge
densiteit hssty tot expressie komt. In dit model werd gevonden dat de opname en
retentie van '"’Lu-DOTA-Y®-octreotate >50 keer de opname in de wildtype
tumorcellijn was. Scintigrafie bevestigde de expressie van de receptor, de expressie
werd alleen gevonden in de tumor. Eerste radiotherapie-experimenten met "Lu-
DOTA-Y®-octreotate lieten een significante vertraging in tumorgroei  zien in
vergelijking met onbehandelde controledieren. De beschikbaarheid van 5 subclones
maakt het mogelijk deze benadering te gebruiken om subtypespecifieke modellen
wat befreft sst-expressie in vivo te maken. Deze techniek kan ook de expressie van
niet-somatostatinereceptoren, zoals voor VIP, CCK of bombesine, mogelijk maken

om peptiden te evalueren die specifiek aan deze receptoren binden.

Acute en chronische toxiciteit van '7’Lu-DOTA-Y3-octreotate worden beschreven in
Hoofdstuk VIII. Ratten werden geinjecteerd met oplopende doses to 100mCi/kg en
geevalueerd voor dosimetrie en acute toxiciteit. De data laten zien dat de opname
van deze stof in de tumor significant hoger is dan die van *°Y-octrectide, terwijl de
nieropname lager is, het is dus een veiliger stof voor radiotherapie. In deze studies
werd geen acute foxiciteit geobserveerd, behalve een tijdelijke vermindering van
WBC-waarden en gewichtsverlies die weer normaliseerden na vier weken. De
chronische renale toxiciteit werd onderzocht in een lange overlevingsstudie na
therapie in tumordragende ratten, zoals beschreven in Hoofdstuk V. In deze dieren
werd volledige verdwijning van de tumor gevonden, mortaliteit trad op ongeveer 12
maanden na inoculatie. Hoewel eigenlik alle dieren CA20948-tumorvrij bleken bij
necropsie, werd er een hoge prevalentie niercarcinoma gevonden (80%) en

karyomegalie in andere dieren suggereerde een pre-neoplastische conditie. De
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prevalentie van niercarcinoma was het hoogst in de dieren die de hoogste dosis
hadden ontvangen, maar ook bij lagere doses was het de meest voorkomende
doodsoorzaak en een hoog percentage van de gevonden carcinomen werd
waarschijnlijk veroorzaakt door het ""Lu-DOTA-Y®-octreotate. Deze resutaten
moeten wel gezien worden in hun contekst, in deze radiotherapiestudies is geen
reductie van nieropname bewerkstelligd door aminozuren. Het is bekend dat deze
aminozuren de niercpname met ongeveer 50% verminderen en de studies zoals
uitgevoerd reflecteren dus geen optimaal therapiescenario voor een radioactief

gelabeled peptide zoals "7 Lu-DOTA-Y?-octreotate.

In the laatste beschreven studies (Hoofdstuk 9) is de extentie van dit molecuul tot
een optisch actieve stof voor fluoresentie-imaging van sstx-positieve tumoren
onderzocht. Met behulp van een gemodificeerd indocyanine-groen geconjugeerd aan
octreotate (Cytate} werd getoond dat dit stofje een hoge affiniteit heeft voor CA20948
en AR42J tumoren in vivo, dit waren de eerste studies die toonden dat imaging van
tumoren in vivo mogelijk is met behulp van een eenvoudige CCD-camera met
excitatie bij 780nm en emissie bij 820nm. De chemie werd uitgebreid met een
fluorescerend bombesin met vergelijkbare imaging-resultaten (Appendix Ill). Deze
experimenten leggen de basis voor de logische extentie van deze benadering tot
fotodynamische therapie (PDT) met optisch gemodificeerde peptiden die
zuurstofradicalen uitzenden na excitatie, in plaats van fluorescentie. Het voordeel ten
opzichte van conventionele PDT stoffen, zoals Photophrin IX or 5-ALA, is dat een
hoog receptorspecifiek peptide zoals Cytate een grotere therapeutische dosis levert
op de doelorganen, terwijl de toxiciteit die geassocieerd is met niet-specifieke stoffen

gereduceerd wordt,
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In de appendices wordt getoond dat het concept van een laag-energetische beta-
emitter voor radiotherapie ook in de kKlinische praktijk toegepast kan worden. Deze
twee artikelen bevestigen de preklinische hypothese en data dat een radionuclide als
Lu-177 significant therapeutisch potentieel kan hebben. Het huidige gebruik in de
kliniek toont dat deze stof zeer veelbelovend is en klinisch superieure resultaten
geeft bij radiotherapie van neuroendocriene tumoren ten opzichte van *°Y-DOTA-Y?®-

octreotide.
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NOVEL RECEPTOR-TARGETED FLUORESCENT CONTRAST

AGENTS FOR IN VIVO TUMOR IMAGING

Investigative Radiology, 35, 479-485, (2000)
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Novel Receptor-Targeted Fluorescent Contrast Agents

for In Vivo Tumor Imaging

SAMUEL ACHILEFU, PnD,* RICHARD B. DORSHOW, PuD,t JOSEPH E. BUGAJ, MS$,* AND

Achilefu S, Dorshow RB, Bugaj JE, Rajagopalan R. Novel
receptor-targeted fluorescent contrast agents for in vivo tumor
imaging, Invest Radiol 2000;35:479-485,

RATIONALE AND OBJECTIYES. To evaluate the efficacy of a
novel tumor receptor-specific small-peptide~near-infrared dye
conjugate for tumor detection by opHeal imaging.

_ METHODS. A novel, near-infrared dye-peptide conjugate was
synthesized and- evaluated for mumor-targeling efficacy in a

" well-characterized rat tumor modeél (CA20948) known to-ex-
press receptors for the chosen peptide. A simple contifimons-
wave optical imaging system, consisting of a near-infrared
laser diode, a cooled CCD camera, and an interference filter,
was used in this study.

RESULTS. Tumeor retention of two non—tumor-specific dyes,
indocyanine preen and its derivatized analogue, bis-propanoic
acid cyanine dye {cypate), was negligible. In contrast, the
receptor-specific peptide-cypate conjugate (cytate) was re-
tained lo the CA20948 tumer, with an excellent tumorsto-
normal-tissue ratlo in the six rats examined.

concrusions.  Optical detection of tumors with a receptor-
targeted fluorescent contrast agent has been demonstrated.
This result represents a new direction in cancer diagnosis and
patient management.

KEY WORDS, Optical imaging; contrast agents; tumor tar-
geting; dye-peptide conjugates.

R

NTEREST IN THE early detection of tumors has increased
recently as a result of the increasing number of deaths
caused by cancer.! Common metheds for cancer diagnosis
rely on the physical detection of a palpable tumor mass or
the use of different forms of roentgenography, scintigraphy,
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ultrasound, and MR imaging techniques for tissuc imag-
ing.2* In both cases, the presence of a significant tumor
mass is necessary for reliable diagnosis, at which stage
patient prognosis may have already been compromised.
Recently, optical imaging has been proposed as an alterna-
tive tumor detection method with great potennal in clinical
diagnosis.*-3 Among ' other advantages over, conventional
modalities, the optical appmach uses neither i jonizing radi-
ation nor radioactive materials, and a wealth of information
can be extracted fromm light-tissue interaction in the electro-
magnetic region of interest.?-16

As with traditional imaging techniques, contrast agents
enhance the differentiation of normal from abnormal tissues
in vivo.!” The ideal properties for optical contrast agents
include biocompatibility, high molar absorptivity, and high
fluorescent quantum yield. Furthermore, several studies
have established that compounds which absorb or emit in
the near-infrared region are highly desirable. This wave-
Iength range constitutes a transparent window in the human
body in which autofluorescence and absorption of light by
endogenous chromophores are minimized.'$ A combination
of these properties would enhance the sensitivity of any
detection system and also provide deeper tissue penetration
of light, For example, the large molar absorptivity (250,000
em™ at 780 nm) of indocyanine green (ICG, Fig. 1A)
affords a unique opportunity for the detection of a small
tomor volume.'?

Localization of dyes in tumors can be medinted by several
factors, including “leaky™ vascnlature and high metabolic activity
in proliferating cefls.20 However, umor targeting by such nonspe-
cific mechanisms may not differentiate inflammation from benign
or malignant tumors. In addition, nonspecific contrast agents ini-
dally distribute to several organs, and hence, require a prolonged
waiting period to clear from normal tissues.
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Figure 1. Molecular structure of indocyanine green {4), cypale (B), and cytate {C).

Fortunately, many tumors are known to overexpress spe-
cific receptors that could be used to differentiate them from
normal cells.2%2! Therefore, ligands for such receptors can
be used as drug delivery vehicles to enhance tumor speci-
ficity.222* Studies by scintigraphic imaging have demon-
strated the feasibility of targeting tumor receptors with
antibodies and other large biomolecules.?3:25 Adaptation of
this approach to optical imaging has been described.2627
However, such large molecules are preferentiatly taken up
by the liver and can elicit adverse immunogenic rezctions in
humans.?® Some have very long blood residence times,
which prolong the peried required for improved tumor-to-
background ratio.?* For solid tumors, which rely on the
diffusion of biomarkers from the vasculature, penetration of
large dye bioconjugates is not favorable owing 1o the net
pusitive pressure within the tumor.3° Hence, a better method
to specifically deliver optical probes to tumors is highly
desirable,

Recent studies in nuclear medicine have demonstrated
that attachment of chelating agents to small molecular pep-
tides can be used to target tumors without loss of receptor
affinity of the peptides.3! This approach has several advan-
tages with respect to either the use of nonspecific agents or
the conjugation of probes to larpe biomolecules. Such ad-
vantages include enhanced localization in tmors, rapid

clearance from the blood, and the possibility of synthesizing
a combinatorial “library” of peptides for rapid identification
of bicactive products.2® Our goal in this study was to replace
the radiolabeled chelate component of the peptides used in
scintigraphy with fluorescent dyes while preserving the
receptor affinity of the peptide and the fluorescence of the
dye. To this end, we designed and synthesized a novel
dye-peptide conjugate that is receptor specific and evaluated
the efficacy of this new fluorescent contrast agent in rat
tumor lines by using a simple, continuous-wave fluores-
cence imaging apparatus.

Materials and Methods

Contrast Agents

Commercially available ICG dye (Fig. 1A) was used
without further purification. Bispropylearboxymethylindo-
cyanine dye (cypate, Fig. 1B) was prepared by the reaction
of a mixture of 1,1,2-trimethyl-[/H]-benz[e)indole and
3-bromopropaneic acid in 1,2-dichlorobenzene. Reaction of
the brown solid precipitate obtained with glutaconaldehyde
dianil monohydrochloride (Pfaltz & Bauer, Waterbury, CT)
in ethanol gave 4 green solution, Evaporation of the solvent,
followed by purification of the crude product by high-
performance liquid chromatography (HPLC) and lyophili-
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zation of the isolated compound, gave cypate as dark green
flakes in >99.5% HPLC purity.

The somatostatin receptor—specific peptide oclreotate was
prepared by standard 9-fluorenylmethoxycarbonyl solid-phuse
synthesis,*? and the two cysteine residues per molecule were
cyclized into & disulfide bond on solid support with thailium
trifluorcacetate to give the cyclic peptide. Reaction of cypate
with the peptide on solid support and subsequent peptide
cleavage from the resin with trifluoroacetic acid gave a crude
product hat was purified by HPLC to give the desited dye-
peptide compound, eytate, in 99.5% HPLC purity (Fig. 1C).
Animal Protocols

All studies were conducted in compliance with the
Mallinckrodt Animat Welfare Committes’s requirements for
the care and wse of laboratory animals in research. Pancreatic
ductal adenocarcinoma (DSL6/A} mumors were induced in
male Lewis rats in the left flank area by the introduction of
material from » solid (doner) implant, and the tumors were
pulpable in approximately 14 days. This tumor line is not
somatostatin subtype 2 (sst;) receptor—positive,

Prostatic carcinoma (Dunning R3327-H) tumors were
induced in young male Copenhagen rats in the left flank
area from a solid implant. These tumors grow very slowly,
and paipable masses were present 4 to 5 months after

implant. This tumor line is also not ssts receptor—positive.

Rat pancreatic acinar carcinomas (CA20948) expressing
the sst; receptor were induced by solid-implant technique in
the left flank area, and palpable masses were detected 9 days
after implant. This tumor line has been widely used for sst,
receptor—positive assays, and the number of binding sites
for somatostatin is 489 fmol/mg.*

The animals were anesthetized with a rat cocktail (xylazine/
ketamine/acepromazine 1.5:1.5:0.5, v/v/v; obtained from But-
ler Co., Columbus, OH; Fort Dodge Animal Health, Fort
Dodge, 1A; and Fermenta Animal Health Co., Kansas City,
MO, respectively) at 0.8 mE/kg via intraperitoneal injection,
The arca of the tumor (left flank) was shaved to expose the
wmor and surrounding surface area, A 21-gauge butterfly
infusion set equipped with a stopoock and two syringes con-
taining heparinized saline was placed into the lateral tail vein
of the rat. Patency of the vein was checked before administra-
tion of the ICG, cypate, or cytate dyes via the butierfly appa-
ratus, Each animal received 0.5 mL of aqueous solution of ICG
(5.4 pmol/L), cypate (5.0 umol/L), or cyiate (6.0 wmol/L).
Imaging Apparatus and Procedure

A noninvasive in vivo fluorescence imaging apparatus
was used to assess the efficacy of contrast agents developed
for tumor detection in animal models. A LaserMax laser
diode (LaserMax Inc., Rochester, NY) of nominal wave-
length 780 nm and nominal power of 40 mW was used. The
delector was 4 Princeton Instruments (Trenton, NI) model
RTE/ACCD-1317-K/2 CCD camera with a Rodenstock
10-mm f2 Iens (stock No. 542.032.002.20; Rodenstock,

Rockford, IL) attached. An 830-nm interference filter (CV1
Laser Corp., Albuquerque, NM; part No. F10-830-4-2) was
mounted in front of the CCD input lens such that only
emitted fluorescent light from the contrast agent was de-
tected. Typically, an image of the animal was taken before
injection of a contrast agent. This image was subsequently
subiracted (pixel by pixel) from the postadministration im-
ages. However, the background subtraction was never done
once the animal had been removed from the sample area and
returned at a Jater time for images taken several hours after
administration, The images shown in Figures 3, 4, and 6
were obtained by this procedure. ICG was evaluated in four
separate CA20948 tumor-bearing Lewis rats, and for com-
parison, the cytate dye was evaluated in six separate
CA20948 tumor-bearing Lewis rats. The cypate dye was
evaluated in three separate fumor-bearing animals. Mea-
surement of the blood clearance profile of ICG and cypate
(Fig. 5) was carried out as described previousty.!? Retention
of ICG (Fig. 2. n = 4) and cytate (Fig. 7, n = 4) in selected
tissues was assessed by imaging excised tissues from sac-
rificed rats at a specified time.

Results

The false-color image of fluorescence intensity measured at 2
and 30 minutes afier bolus injection of a 0.5-mL. aqueous solution
of ICG (54 pmol/L) in three different tumor lines is shown in
Figure 2, All tumors were about 2 g in size, Nonspecific retention
of the dye is noted in the DSL&/A and Dunning R3327-H tumor
lines 30 minutes after administration. Rapid clearance of 1CG
from the CA20948 tumor line indicated no nonspecific retention.

Time-sequence fluorescent images of ICG in a normal rat
are shown in Figure 3. Rapid localization of the dye in the .
liver was observed, which is consistent with the known
hepatobiliary excretion of 1CG.*35 Similar experiments
with cypate gave identical results to ICG. Figure 4 shows
the time-sequence fluorescent images of ICG in a CA20948
tumor—bhearing rat. Localization of the dye in the liver and
the left flank tumor was evident ag early as 1 minuie after
administration; however, almost total clearance from the
tumor was apparent by 60 minutes after administration.
Thus, ICG is nof relained in this tumor in vivo.

The in vivo fluorescence time dependence in a rat with
normal liver function measured at the ear after bolus intra-
venous administration of aqueous solutions of ICG and
cypate is shown in Figure 5, with the use of instrumentation
described elsewhere.!* The newly synthesized dye cypate
was cleared from the vasculature with essentially the same
blood clearance profile as ICG.

The time-sequence fluorescent images of cytate in a
CA20948 tumor—bearing rat is shown in Figure 6. Dclin-
eation of the tumor from normal tissue was easily observed
at 90 minutes after administration. Thus, cytate retained
both the fluorescent properties of the dye and the targeting
properties of the peptide in vivo. Localization of cytate in
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Figure 2. False-color image of fluorescance intansity measured at 2 and 30 minutes aftér bolus infection of a 0.5-mL aqueous solution of

Indecyanine green (5.4 pmaol/L} in three different tumor lines In vivo. Images are consirained to the tumor and a small surrounding area of the
left flank of rats.

tissues of a tumor-bearing rat 24 hours after administration Discnssion
is shown in Figure 7. The tumor, adrenals, and pancreas, . .
which are §st2 receptor—positive tissues, had significant Clinical studies have established that ICG, which ab-

uptake of the dye-peptide conjugate. The relative ratio of  sorbs in the near-infrared region, is biocompatible, ex-
tumor to normal tissue fluorescent intensity, caleulated from  creted primarily by the hepatobiliary system,3*3% and
the average camera pixel intensities of individual organs in ~ localizes in cettain tumors by a nonspecific mechanism.
Figure 7, is shown in Table 1. Thus, to identify a good model for the evaluation of

a C

Figure 3. Time-sequence fiuorescence Images {1 = 4} of indocyanine green in & normal rat befora administration (a), 1 minute after
administration {b), 10 minutes after administration {c), and 60 minutes after administration {d). For each Image, the rat was placed in
a supine position. .
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targeting tumor receptors with dye-peptide conjugates,
we screened three tumor models with ICG (Fig. 2). ICG
localized in two (DSL6/A and R3327-H) of the three
tumor lines examined. However, it has only transient
rétention in the CA20948 tirmor Tine, which is known to
overexpress the sst, receplor.*” A biodistribution study of
ICG in various organs from normal and CA20948 tumor—
bearing rats 60 minutes after administration confirmed
that the known mechanisin of ICG excretion through the
liver was not altered by the tumor (Figs. 3 and 4).
Fortunately, the literature abounds with many short-
chain somatostatin analogues that efficiently target sst,
receptors. The US Food and Drug Administration has
approved one such product, QctreaScan (Mallinckrodt,

" Cypate - ICG Comparison

Signal {arb. units}
5 B i

o
m

08 . . . :
o 200 400 60D 8006 1000 1200
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Figure 5. In vivo fluorescence time dependance in a rat with
normal liver function measured at the ear after a 0.5-mL bolus
of aqueous solutions of indocyanine green (ICG, 5.4 umol/L, n = B)
or cypate (5.2 pmol/L, n = 3) was administered intravenously.

Figure 4. Time-sequence fluorescence images {7 = 4} of Indotyaning green in a CA20945 tumor-bearing rat before administration (a), 1
minute after administration (b), 40 minutes after administration c}, and 60 minutes after administration (d). For each image, the rat was placed
lying on its side to optimally expose the flank.

Ine., 51. Louis, MO), for the imaging of neurcendocrine
tumors by scintigraphy.?® A logical approach would
theretore involve the conjugation of dyes to peptides that
have high affinity for this receptor.. However, unlike
contrast agents in scintigraphy; in: which ‘the probe is a
smaller component of the peptide, near-infrared dyes
have comparable molecular weights to the peptides.
Hence, the conjugate could impair the ability of the
tumor receptors to recognize the peptide. For this reason,
several researchers have generally opted to use other
approaches for tumor targeting, such as large biomol-
ecule-dye conjugate systems.27:29

Indocyanine green, which is approved for human use
by the US Food and Drug Administration, is practically
inert to conditions for the incorporation of peptides and
proteins, and hence, must be derivatized for such use.
Thus, we sought to synthesize biocompatible dyes that
have similar photophysical and blood clearance charac-
teristics as ICG. Results of these studies identified the
propanoic acid derivative of indolenium cyanine dye
{cypate) as a good candidate for this work. Both cypate
and ICG have similar photophysical properties and blood
clearance profiles {see Fig, 5}, Experiments with cypate
in both normal and CA20948 tumor—bearing rats {(n = 3)
yielded results identical te ICG, in that cypate was taken
up by the liver within 60 minutes after administration
(similar to Fig. 3), and tumor washout was virtually
complete by 60 minutes after administration (similar
to Fig. 4). Consequently, both ICG and cypate were
useful negative controls in the CA20948 tumor-targeting
study.

The small peptide-dye compound investigated (cytate,
Fig. 1C) was a synthesized conjugate of cypate dye and
the octreotate peptide. Administration of this conjugate
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Figura 8. Time-sequenca fluorescence imagss (n = 8) of cytate in a CA20948 tumor-bearing rat bafore -administration (a), 1 minute after
administration (b), 10 minutes after administration (¢), and 80 minutes after administration (d). A 0.5-mL bolus of an aqueous solution of cytate
{6.0 pmol/L) was given Intravenously. Far each Image, tha rat was placed lying on its side to optimally expose the flank.

into tumor-bearing rats (n = 6) produced fluorescence
at the tumor site within 10 minutes after administration,
and at 90 minufes, the tumor was unequivocally observ-
able (Fig. 6). This observation is in sharp contrast to the
results obtained with large biomolecule-dye conjugates,
for which postinjection times of 24 fo 36 hours may be
needed to oblain a reasonable tumor-to-background
ratio.?”-2* Biodistribution studies showed that cytate also
localized in tissues {pancreas and the adrenal glands) that
are known to express the somatostatin receptor?® (Fig. 7).
Nonspecific uptake by the kidneys and the liver, which
constitute the primary routes of excreting the nonconju-
gated peptide and dye, respectively, was also observed.

Previous studies have shown that subtle differences {tu-

heart

pancreas

muscle

spleen

Figure 7, Localization of cytate in tissues of a CA20948 tumor-
bearing rat 24 hours after administvation,
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mor-to-tissue ratios <2) between a tumor and normal tissue
can be detected in vivo.!® The specificity of the new dye-
peptide conjugate cytate enhunced this ratio tremendously
{Table 1), resulting in improved enhancement in the diag-
nostic capability of optical imaging assays. In addition, the
ease of tumor detection with such products as cytate may
lead to the use of cheaper and less-sophisticated optical
instruments for tumor imaging and detection. Furthermore,
delineation of kidney morphology was readily observed.
This finding demonstrates the potential of the optical mo-
dality, in the presence of 2 contrast agent, to provide de-
tailed anatomic information not readily available with other
techniques,

The use of small peptides has several advantages over
large biomolecules, including ease of synthesis of a va-
riety of compounds for potential combinatorial screening
of new targets, reproducibility of high-purity compounds,
diffusivity to solid tumors, and the ability to incorporate
a variety of functionat groups that modify the pharmaco-
kinetics of the peptide-dye conjugates, During this study,
we developed a method to prepare dye-peptide conju-
gales by solid-phase synthesis, a process that is amenable
to automated synthesis. We have demonstrated, for the

TABLE 1. Ratlo of Tumor to Normal Tissues (T/NT) Flucrescent

[ntensity
Tissue T/NT
Heart 10
Muscle 7
Kidney 5
Liver 2

Note: The data were obtained by taking the relative fluorescence
intensity averages for each organ 24 hours after administration in six
CA20948 tumoer-bearing rats.
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Abstract. The somatostatin analogue fDOTAY, Tyr?lact-
rectate has a nine-fold higher affinity for the somatosta-
tin receptor subtype 2 as compared with [DOTAY,
Tyr?loctreotide. Also, iabelled with the beta- and gam-
ma-emitting radionuclide lutetium-177, this compound
has been shown to have a very favourable impact on tu-
mobr regression and antmal survival in a rat model. Be-
cause of these reported advantages over the analogues
currently used for somatostatin receptor-mediated radio-
therapy, we decided to compare [\""Lu-DOTA®, Tyr3]oct-
reotate (17’Luo-octreotate) with [1'In-DTPA%octreotide
(Uin-octreotide) in six patients with somatostatin recep-
tor-positive tumours, Plasma radicactivity after 177Lu-
oclreotate expressed as 4 percentage of the injected dose
was comparable with that after 1In-octreotide. Urinary
excretion of radioactivity was significantly lower than
-after 1"In-octreotide, averaging 64% after 24 h. The up-

take after 24 h, expressed as a percentage of the injected -

dose of '"Lu-octreotate, was comparable to that after
Min-octreotide for kidneys, spleen and liver, but was
three- to. fourfold higher for four of five tumours. The
spleen and kidneys received the highest absorbed doses.
The doses to the kidneys were reduced by a mean of
47% after co-infusion of amino acids. It is concluded
that in comparison with the radionuclide-coupled ‘so-
matostatin analogues that are currently available for so-
matestatin receptor-mediated radiotherapy, "’Lu-octreo-
tate potentially represents am impertant improvement.
Higher absorbed doses can be achieved to most tumours,
with about equal doses to potentially dose-limiting or-
gans; furthermore, the lower tissue penetration range of
177Lu a5 compared with 0¥ may be especially important
for small tumours. '

Dik J. Kwekkeboom (=) ,

Department of Nuclear Medicine, University Hospital Rotterdam,
Dr Molewatetplein 40, 3015 GD Rotterdam, The Netherlands
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Introduction

Somatostatin receptor imaging with [Y!In-DTPA%oct-
reotide (Qctreoscan) is nowadays recognised to be an
important, if not the primary imaging technique for the
localisation and staging of neuroendocrine tumours.
_In patients with progressive, metastasised neuroendo-
crine tumours, radionuclide therapy with high doses of
[MIn-DTPAC]octreotide is performed with encouraging
results {1, 2, 3, 4]. However, !!In-coupled peptides are
not ideal for peptide receptor radiotherapy (PRRT) be-
cause of the small particle range and the resultant short
tissue penetration. Therefore, another radiolabelled so-
matostatin analogue, [WY-DOTAO,Tyr?]octreotide, was
developed. A preliminary study by Otte et al. [5] showed
favourable results of [PY-DOTAY,Tyr3octreotide treat-
ment in five patients with neuroendocrine tumours. Also,
a recent analysis of the results of this treatment in a
multicentre trial in 22 end-stage patients with progres-
sive disease showed a partial tumour response in two, a
minor response in three and stable disease in ten [6].
Paganelli et al. {7] have also reported favourable prelimi-
nary results regarding tumour growth with this %0Y-
labelied compound.

Recently, it was reported that compared with [DTPA®,
Tyr?loctreotide, [DTPAS, Tyr3]octreotate (in which the C-
terminal threoninol is replaced with threonine) showed
improved binding to somatostatin receptor-positive tis-
sues in animal experiments [8]. Also, its DOTA-coupled
counterpart, [DOTA?, Tyr3Joctreotate, labelled with the
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beta- and gamma-emitting radionuclide lutetium-177,
was reported to have a very successful impact on tumour
regression and animal survival in a rat model [9]. Reubi
et al. [10] reported a ninefold increase in affinity for the
somatostatin receptar subtype 2 for [DOTAY, Tyr¥Joctreo-
tate as compared with [DOTAFyr®]octreotide, and a
six- to sevenfold increase in affinity for their ytrium-
loaded counterparts.

Because of these reported advantages over both so-
matostatin analogues currently used for PRRT, we decid-
ed to study [DOTA9,Tyr*Joctreotate in patients with so-
matostatin receptor-positive tumours. It was complexed
with '77Lu because this radionuclide, apart from interme-
diate beta energy, also emits gammas snitable for scintig-
raphy and subsequent dosimetry.

Materials and methods
Patients

["Lu-DOTAS, Tyr¥octreotate (177 Lu-octreotate) was administered
in six patients (four women and two men, aged 15-76 years), In
five of them, somatostatin receptor imaging with [11tIn-DTPAR]oct-
reotide (1V'In-octreotide), performed during the 3 months preceding
ML u-octreotate scintigraphy, was available. Nore of the patients
used somatostatin analogues.

One patient had medullary thyroid carcinoma (MTC), ane had
non-Hodgkin lymphoma (NHL), one had a gastroenteropancreatic
(GEP) tumour, one had aesthesioncuroblastoma, one had a rem-
nant of 3 Hirthle cell carcinoma of the thyroid, and one had papil-
lary thyroid carcinoma. )

All patients gave written informed consent to participation in
the study, which was approved by the medical ethical committee
of the hospital. :

Methods

[DOTAS, Tyr?]Octreotate was obtained from Mallinckrodt (St
Louis, Mo, USA). Kits were prepared consisting of 120 ng
[DOTAY, Tyr Joctreotate, 37.8 mg sodium ascorbate and 7.5 mg
gentisic acid in 300 pt 0.05 M HCL. Kits were stored at ~20°C until
use. "LuCly was obtained from Missouri University Research
Reactor (MURR; University of Missouri, Mo., USA). 7TEuCl,
was diltuted in 0.05 M HCI to a concentration of 11.1 GBq/m, and
2,220 MBq ""LuCly was added to each kit. The mixture was heat-
ed for 30 min at 80°C, The labeling yield was checked using in-
stant thin-layer chromatography (ITLC-8G, Gelman, Ann Arbor,
Mich., USA}) with 0.1 M Na citrate, pH 5.0, as solvent. The la-
belled peptide migrated from the origin till RE=0.67, while the frec
radionuclide migrated with the solvent front (Rf=1).

The radiochemical purity was determined by high-performance
liquid chromatography (HPLC) according to the following proce-
dure. Column: Symmetry Cpg 4.6%250 mm, 5 um (Waters, Mil-
ford, Mass., USA). Flow: | mVmin. Solvent A: methanal; solvent
B: 0.06 M sodium acetate pH 5.5. From =0 to 6.5 min 100% B;
from #=6.5 to 7.0 min from 100% B to 50% B; from ~7.0 to
27 min from 50% B 10 40% B; from =27 min to 27.2 min from
40% B to 100% A; from /=27.2 min to 32 min: 100% A.

The labeling yield always cxceeded 98% and the radiochemi-
cal purity was higher than 88%. The injected dose was 1,850 MBgq

{range 1,847-1,874 MBq); the injected mass of [DOTAY, Tyr3foct-
reotate was 90-100 pg.

Hin-gctreotide was prepared using the Octreoscan kit from
Mallinckrodt Medical (Petten, the Netherlands). The injected dose
was about 220 MBq, coupled to 8-9 pg [DTPA Joctreotide.

Imaging

] -getreotate. The infusion volume was 80 ml and the infusion
speed was 10 min. The infusion line by which the radiopharma-
ceurical was administered was thereafter rinsed with about 100 mi
saline. Dynamic imnges of the upper abdomen were obtained from
the time of injection up to 20 min p.i. Planar spot images of the
upper abdomen and chest in five patients, and of the upper abdo-
men and the kead and neck in the sixth patient, were obtained
with a dual-head camera {Picker Prism 2000) 4 h and 1, 3, 10 and
[7 days p.i. Counts from both gamma peaks (208 and 113 keV)
were collected in separate windows (width 20%). The acquisition
time was 15 min/fview. For dosimetry, a standard with a known ali-
quot of the injected dose was also counted. :

fitln-pctreotide. ‘The windows were centered over both Win
photon peaks (245 and. 172 keV) with a window width of 20%.
Fifleen-minute spot images were obtained 24 h p.i,

Co-infusion of amnino acids

In five patients the administration of the same amount and dose of
1T'Ly-octreotate was repeated 6-9 weeks later. An infusion of ami-
no acids (lysine 2.5%, arginine 2.5% in 1 1 0.9% NaCl; 250 mi/h)
was staried 30 min before the administration of the radiopharma-
ceutical and lasted up to 3.5 h afterwards. Via a second pump
system the radiopharmaceutical was co-administered.

Measurement of radioactivity in blood and urine

Blood samples were drawn 10, 20, 40, 60 and 90 min and 2, 5 and
24 h after injection. Urine was collected at two 3-h intervals and
thereafter up to 24 h after injection.

Rudioactivity in blood ami urine was measured with a
COBRA-Packard auto-gamma counting system (Packard, Meri-
den, Conn., USA).

The chemical status of the radionuctide in blood and urine was
analysed as a function of time by HPLC techniques (see above).

In vivo measurements

The uptake in organs and tumours was calculated as described pre-
viously [11]. Dosimetric calculations were performed using the
MIRDOSE package, version 3.0

Statistics

Analysis of variance (ANOVA) and puired ¢ tests were used.
P values <0.05 were considered significant.
Resuits

No side-effects or changes in ECG pattern or pulse rate
were observed in any patient during the 10-min infusion
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Time (h) Fig. 2, Cumulative radioactivity excreted in the arine, expressed
as mean (+SEM) percentage of the injected dose in four patients

Fig. 1. Mean (%5EM) plasma radioactivity expressed as percent-  after 17Lu-octreatate {closed bars), compared with that in six other
age of the injected dose in six patients after "Lu-octreotate patients after !liin-octreotide from a previous study [12] (open
(closed dots, stippled iine), compared with that in four other pa-  bars). *P<0.05 and **P<0.01 vs other radiopharmaceutical during
tients after MIn-octreatide from a previous study [12] (open dors,  the same interval
solid line). *P<0.05 vs other radiopharmaceutical at the same time
point

Fig. 3. Images comparing

177 u-octreotate and 111n-oct-
reotide, 24 b p.i. Columns A
and C: 17'Lu-octreotate: col-
wnns B and D: Mn-octreotide.
The first row shows cormre-
sponding images of tumour
sites in a lymphoma patient
(left two images) and a patient
with an aesthesioneuroblastoma
of the ¢ye with a neck metasta-
sis (right two irnages); second
row: posterior (left twoe images)
and anterior abdominal images
in the same patients. The third
row shows corresponding im-
ages of tumours in a paticnt
with residual Hirthle cell carci-
noma (left two images) and a
patient with papiflary thyroid
carcinoma (right two images);
Jourth row: anterior abdominal
images in the same patients.
Note the similar biodistribution
and the clearer visualisation of
the tumour sites, except in the
patient with papillary thyroid
carcinoma
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Fig. 4. Images after 4 b and 1, 3 and 17 days (top row fo lower
row) in patients with Hirthle cell carcinoma (left column) and acs-
thesioneuroblastoma (right column). Note the retention of radioac-
rivity in the tumour sites

of 1""Lu-octreotate or up to 20 min thereafter, The distri-
bution pattern of 17'Lu-octreotate was comparable to-that
of Min-octreotide, with rapid: visualisation of the kid-
neys directly after injection, and with visualisation of the
liver, spleen, kidneys and, in some patients, the pituitary,
thyroid and tumours 4 h p.i.

Plasma radwactmty afler '"7Lu-octreotate expressed
as a percentage of the injected dose was slightly, but sig-
nificantly lower.compared with 1n-octreotide measure-
ments from a previous study [12]. Afier 24 h, however,
they were comparable (Fig. 1).

HPLC analysis of plasma, taken at 1 h p.i. in two pa-
tients, demonstrated the same pattern as the original in-
jection fluid (data not shown).
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Fig. 5. Ratios of 7"Lu-octrectate to 1 n-octreotide uptake in or-
gans and tumour sites, with uptake expressed as a percentage of
the administered dose. Means are indicated. There is cumparable
organ uplake and higher tumour uptake after V"7Lu-ocirectate in
most tamours

Table 1. Patient organ doses in Gy (rad)/3,700 MBq {100 mCi)

Patient  Kidneys Liver  Spleen Bone
marrow
Without AA  With AA
1 825 403 90 803 26
2 533 - 76 1,010 29
3 692 282 112 TI0 27
4 359 252 4 662 27
5 648 366 75 740 20
Mean 611 326 79 797 26

With AA: Kidney dose after amino acid co-infusion

Urinary excretion of radioactivity in the first 24 h af-
ter the injection of 177Lu-octreotate is shown in Fig. 2. In
comparison with 1lin-octreotide, the urinary excretion
was significantly lower after 17Lu-octreotate, averaging
64% after 24 h. Peptide-bound radioactivity in urine col-
lected after { h in one patient showed the same pattern as
the original injection fluid (data not shown).

The scans obtained 24 h p.i. showed the same bicdis-
tribution for " Lu-octreotate and In-octreotide, with
comparable uptake in the liver, spleen and kidneys
(Fig. 3). Also, variable radioactivity was seen in the
bowel and urinary bladder. The uptake in the tumours
seemed higher after 17Lu-octreotate, except in the pa-
tient who had papillary thyroid carcinoma (Fig. 3). At la-
ter time points, there was retention of the radioactivity in
the tumours, even 17 days p.i. (Fig. 4). The calculated,
background-corrected, uptake 24 h after 177Lu-octreotate
expressed as a percentage of the injected dose was com-
parable 1o that after "In-octreotide for kidneys, spleen
and liver, but was three- to fourfold higher for four of the
five tumours (Fig. 5). In the patient with papillary thy-
1oid carcinoma, this uptake was about the same after -
both radiopharmaceuticals.
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Tuble 2. Dose estimates for "Lu-octreotate, 1n-octreotide and ¥Y-DOTA-octreotide

Target organ Absorbed dose [cGy (rad)/3,700 MBq (100 mCi)Je
' Lu-octrectate  tHIn-gctreotide WY-DOTA-cctreotide

() (2 3) (4) (5 {6) )]
Kidneyst 610 (325) i70 190 340 2,240 £,220 1,040 (780)  (788)
Liver 80 30 25 20 100 260 120 -
Spleen 300 120 130 320 1,980 2,820 - -
Bone marrow 26 7 11 23 - n 26 -
Maximum cemulative dose (GBq)? 26.4 a00 44,8 25.0 109 10.8
Maximum cumulative dose (mCi)e 710 1,350 1,210 680 290 260

° Dosimetry data reported by: (1) Krenning et al. [[3]; (2) Stabin
et al. [14]; (3) McCarthy et al. [15]; (4) Kwekkeboom et al. [12]
(dosimetry based on ['In-DOTA®,Tyr¥Joctreotide); (5) Crem-
onesi et al. [16] (dosimetry based on ["In-DOTAD, TyrHoctreo-
tide); (6) Rosch et al. [17] (dosimetry based on [BSY-DOTAO,
Tyr?loctreotide PET studies in primates); (7) Barone et al. [18]
{dosimetry based on [#Y-DOTAO, Tyr3Joctrectide PET studies in
patienis)

bKidney doses after amino acid co-infusion are shown within pa-
rentheses

¢Mean maximum cumulative dose based on the maximum dose to
the kidneys of 23 Gy. Values for "’Lu-octreatate and ®Y-DOTA-
octreotide are with amino acid co-infusion

Table 3. Theoretical maximum

delivered tumour doses for Absorbed dose (Gy)

three different radiolabelled so-

matostatin analogues Win-cotrectide  *Y-DOTA-octreotide  7Lu-octreatate
Tumour 1 g 344 363 1,01
Tursour 10 g 36 69 102
Turnour uptake 0.1% 0.2% 0.4%
Maximum cumulative dose 1,350 (50.0) 290 (10.9) 710 (26.4)
(mCi (GBq)]

Maximum cumulative doscs are derived from Table 2. The calculations take into account the fact
that the tumour uptake of [*0Y-DOTA, Tyr¥loctreotide is about two times higher [18], and that
of Lu-octreotate about four times higher, (present study) than the tumour uptake of 111In-octrectide

Dosimetry data are listed in Table 1. The highest ab-
sorbed doses were to spleen and kidneys. In five pa-
tients, scintigraphy was repeated several weeks later, af-
ter- co-infusion of amino acids (lysine 2.5%, arginine
2.5%; 250 ml/h for 4 h, starting 30 min before the ad-
ministration of "7Lu-octreotate). Calculated doses to the
liver, spleen, bone marrow and rumours were about the
same, whereas the doses to the kidneys were reduced by
a mean of 47% (range 34%-599%) (Table 1).

The dose estimates after 177Lu-ocireotate are com-
pared with those after UIn-octreotide and [%0Y-
DOTA,Tyr?]octrectide in Table 2. Comipared with [%Y-
DOTA,Tyr?]octreotide, the dose to the splesn and kid-
neys was lower after 177Lu-octreotate, wheraas the dose
to the bone marrow was comparable or higher, depend-
ing on the model that was used, Theoretical maximom
tumour doses for Min-octreotide, [P0Y-DOTA,Tyr*Joct-
reotide, and !"7Lu-octreotate, based on a maximum kid-
ney dose of 23 Gy, are listed in Table 3. The highest tu-
mour doses in this model are achieved with 17Lu-octreo-
tate, especially in smaller tumours.

Discussion

The somatostatin analogue Tyr3-octrectate, whether
chelated with DTPA or DOTA, has been demonstrated to
have a higher affinity than Tyr?-octreotide for the most
frequently encountered somatostatin receptor, subtype 2,
both in vitro and in vivo in animal experiments I8, 9,
10]. Because the total administered therapeutic dose with
radiolabelled somatostatin analogues is determined by
organ dose limits, any newly developed analogues that
show either a lower uptake in the dose-limiting organs
{(kidneys andfor bone marrow) or a higher uptake in the
tumour targets, may improve such therapy. For this rea-
son, we compared the distribution pattern and dosimetry
of 7Lu-ocireotate with those of MIn-octreotide in pa-
tients. We found the same biodisiribution for the ana-
logues on scintigrams 24 h p.i., with comparable per-
centage uptake in the liver, spleen and kidoeys. The tu-
mour uptake, however, was three- to fourfold higher in
four of the five studied patients, implying that potentially
higher doses to the tumour can be achieved with about
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equal dose-limiting organ doses. The comparability of
the percentage uptake in the liver and kidneys for the
two analogues is most Jikely due to the fact that the up-
take in these organs is for the most part not receptor me-
diated and is accpunted for by excretion of the radio-
pharmaceutical. Our finding that the uptake in the spleen
was comparable for the two analogues may indicate that
a considerable part of this uptake is due to binding 10
somatostatin receptor subtype other than subtype 2. So-
matostatin receptor subtype 2 has been demonstrated in
the red pulp of the spleen by antoradiography [19]; how-
ever, with reverse transcriptase polymerase chain reac-
tion (RT-PCR) technigues, mRNA for receptor subtype 3
has also been demonstrated, located in the white pulp
and with a much lower expression than for subtype 2
[20]. It is therefore puzzling why the scintigraphic up-
take in the spleen after "7Ly-octreotate is not much
higher than after In-octreotide. The presence of other
somatostatin receptor subtypes may explain why, in our
patient with papillary thyroid carcinoma, uptake was not
higher with "7Lu-octreotate than with Uin-octreotide.
This is in agreement with an in vitro study using
RT-PCR on human thyroid carcinoma cell lines, which
demonstrated a predominance of mRNA for somatostatin
receptor subtypes 3 and 5, but only very low amounts of
mRNA for subtype 2 [21].

We found a comparable, but slightly faster plasma
disappearance for {"Lu-octreotate than for 1n-octreo-
tide. More importantly, the cumulative urinary excretion
after 24 h was significantly lower for {"Lu-octreotate
than for HlIn-octreotide. In another study [12], we found
that the cumulative urinary excretion of [{MIn-DOTA?®,
Tyr3Joctrectide was also significantly lower than that of
[MiEn-DTPAC]octreotide, Because this analogue has the
tyrosine insertion in common with [Y77Lu-DOTAS,
Tyr3octreotate, this may be the cause of the lower uri-
nary excretion. This lower wrinary excretion of {7Lu-
oclreotate results in a significantly higher absorbed bone
marrow dose, because this dose is determined by the
whole-body retention (i.e. injected minus excreted radio-
activity minus activity in major target organs). Because
of this, bath the radiation dose to the kidneys and that to
the bone marrow may be dose limiting in patient therapy
with 17Lu-octreotate. It has previously been demonstrat-
ed that the percentage uptake by and the radiation dose
to the kidneys from !U'In-octreotide can be lowered by
the infusion of amino acids, both in animals and in pa-
tients [22, 23]. In our group of patients, we found that
this is also true for !"Lu-octreotate. This finding is im-
portant because applying a dose limit to the kidneys of
23 Gy, as is also applied for external beam radiation
therapy, 14.0 GBq (380 mCi) would be the mean cumu-
lative dose limit, whereas with the reduction due to ami-
no acid infusion this limit would be 264 GBg
{710 mCi). Barone et al. [18] compared the uptake after
Mip-octreotide and after [3Y-DOTA9, Tyr3joctreotide in
the wmours. and kidneys of five patients. They found

that the percentage uptake in tmmours was about two
times higher after [36Y-DOTAY, Tyr3]octreotide, whereas
it was about 1.4 times higher in the kidneys. Applying a
dose limit of 23 Gy to the kidneys and accounting for
amino acid co-infusion, the maximum cumulative dose
of [¥Y-DOTAS,Tyr*|octreotide would be 10.8 GBg
(290 mCi) (Table 2). Using Y7Lu-octrectate, the mean
maximum cumulative dose that can be administered is
26.4 GBq (710 mCi) (Table 2). Apart from the more than
double mean maximum cumulative dose that can be ad-
ministered using !7Lup-octreotate instead of [%0Y-
DOTAY Tyr3loctreotide, it should be considered that in
this study we found a three- to fourfold higher tumour
uptake with 177Lu-octreotate than with Y'In-octreotide,
whereas with [3Y-DOTADS,Tyr¥Joctreotide the tumour
uptake was reported to be about twofold that of Hn-oct-
reotide [18]. In a model calculation, based on the maxi-
mum cumulative dose that can be given, the tumour dos-
es that can be achieved with 77Lu-octreotate were higher
than those for In.octrectide or [*Y-DOTAL, Tyr3loct-
reotide. :

There are four reasons why we used !"7Lu and not 9Y
as the radionuclide to label [DOTAS, Tyr3Joctreotate:

1. 177Lu-octreotate has been reported to have a very fa-
vourable impact on tumour regression in a rat model
1.

2. Reubi et al. [10] reported comparable affinities in the
low nanomolar range for non-radioactive In and Y
complexed [DOTAC, TyrY]octreotate, implying that the
modification in the peptide, and not the change in the
metal, is primarily responsible for the improved affin-

ity.

3. With the 1"Lu-labelled analogue it is possible to per-
form dosimetry and therapy with the same compound
while no PET scans with shori-lived radionuclides are
needed. )

4. The tissue penetration ramge of "Lu (maximum
range =2 mm) is more favourable than that of %0Y
{maximum range =12 mm), especially for smaller tu-
mours from which much of the radiation dose of %Y
will be lost to the surrounding tissues.

Because of the advantages that both the modified so-
matostatin analogue and the different radionuclide offer,
we think that !77Lu-octreotate represents an improve-
ment in somatostatin recepior-mediated radiotherapy. In-
deed, we have already observed improvements in com-
plaints, decreases in serum tumour markers and CT-as-
sessed tumour shrinkage in patients who are being treat-
ed with this new coropound, although none of these pa-
tients has yet received the maximom cuomulative dose.

In conclusion: In comparison with the radionuclide-
coupled somatostatin analogues that are currently avail-
able for somatostatin receptor-mediated radiotherapy,
177 u-octreotate potentially represents an important im-
provement because of the higher absorbed doses that can
be achieved to most tumours and because of the more fa-
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vourable tissue penetration range, which may be. espe— -

cially important for small tamours.
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Site-specific delivery of drugs and contrast agents to tumors protects normal tissues from the
cytotoxic effects of drugs and enhances the contrast between normal and pathologic tissues.
One approach to achieve selectivity is to target overexpressed receptors on the membranes of
tumor cells and to visualize the tumors by a noninvasive optical imaging method. Accordingly,
we conjugated flucrescein and carbocyanine dyes to somatostatin end bombesin receptor-avid
peptides and examined their receptor binding affinities. We also prepared potential dual imaging
probes consisting of a bioactive peptide for tumor targeting, a biocompatible dye for optical
imaging, and a radioactive or paramagnetic metal chelator for scintigraphic or magnetic
resonance imaging of tumeors. Using these approaches, the resulting carbocyanine derivatives
of somatostatin and bombesin analogues retained high binding for their respective receptors.
Further evaluation of representative molecules in rats bearing somatostatin- and bombesin-
positive tumors showed selective uptake of the agents by the tumor cells. Unlike earbocyanine
derivatives, the receptor binding of fluorescein—somatostatin peptide conjugates was highly
sengitive to the type of linker and the site of fluorescein attachment on the nonreceptor binding
region of the peptide, In general, the presence of flexible linkers disrupted binding affinity,
possibly due to the interaction of the linker's thicurea group with the peptide's cyclic disulfide
bond, While the receptor binding affinity of the dual probes was not dependent on the type of
chelating group examined, it was affected by the relative positions of fluorescein and chelator
on the Iysine linker. For somatestatin compounds, best results were obtained when the chelstor
was on the a-amino lysine linker and fluorescein was on the e-amino group. In contrast,
conjugation of the chelator to ¢~ and fluorescein to the a-amino lysing linker of bombesin peptides
resulted in high receptor binding. These findings indicate that despite their small size,
conjugation of dyes to truncated somatostatin and bombesin peptide snalogues results in
promising diagnostic agents that retain high receptor binding activity in vitro. The results
further show that these contrast agents can selectively and specifically localize in receptar-

positive tumors in rat models,

Introduction

Biomedical optical imaging is an emerging diagnestic
method that vses propagating light to activate chro-
mophores in tissues and a detector to capture the
transmitted or reflected photons.!? It provides distinetly
new diagnostic capabilities while complementing con-
ventional imaging medalities.3~" Previous studies have
demonstrated the feasibility of using endegenous con-
trast effectors such as the ratio of oxy- and deoxyhemo-
globin to detect patholdgic tissues by optical imaging
and apectroscopy in the visible and near-infrared (NIR)
wavelengths.2® This approach represents a viable, non-
invasive methed to monitor various diseased states,
quantify pathologically relevant physiologic functions,
and localize cancer. However, delineation of the spectral
differences between normal and pathologic tissues based
on endogenous contrast, especially at the early stages
of cancer, remains difficult despite the availability of
sophisticated image reconstruction algorithms.9~18 For
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this reason, several studies are currently focusing on
the use of exogenous optical contrast agents to improve
image resolution by increasing the signal-to-noise ratio.
Ualike endogenous contrast effectors, these ¢compounds
are less dependent on inter- and intraspecies variations
and: can furnish unique information regarding the
functional status of tissues, These agents also promote
rapid selective localization, improve spedficity  and
sensitivity, and provide important histopathological
information such as cell viability,

The utility of contrast agents in diagnostic procedures
depends on the preferential accuroulation of the raol-
ecules in target tissues. One approach to achieve this
selectivity in oncology takes advantage of the overex-
pression of specific receptors on certain tumer cells to
target various diagnostic agents to tumors.1® Hence, a
useful strategy involves conjugating a contrast agent
to carriers that target the overexpressed tumor recep-
tors to enhance specificity, as demonstrated with fluo-
rescein— and carbocyanine—antibody conjugates. )%
Beside antibodies, dye conjugation to other large target-
ing molecules, which are cceasionally coupled by sec-
ondary activation mechanisms, also enhances site-



specific delivery of the agents.2-*® However, targeting

of tumor receptors with antibedies or large biomolecules:

is hampered by many factors, including low diffusion
rates into tumors, rapid uptake by the liver, and the
potential to elicit adverse immunogenic reactions.

On the basis of previous findings that somatostatin
and bombesin receptors are up-regulated on many
tumor cell membranes and that truncated peptide
analogues of the native ligands effectively target these
receptors, we recently demonstrated for the first time
that this approach is applieable to optical imaging of
tumors.?” The bioconjugates selectively localized in
somatostatin-positive tumors without losa of the probe’s
photophysical properties, More recently, other studies
have supported this finding.2* Some advantages of the
peptide-based approach include enhanced localization
in tumors, rapid clearance from nontarget tissues, ease
of strueture—activity relationship studies, and the pos-
sibility of preparing a combinatorial library of peptides
for rapid identification of bicactive molecules,

Earlier reports in nuclear medicine have demon-
strated that in vitro receptor binding studies with
somatostatin and bombesin peptide analogues correlate
with in vivo findings.?0-%% As progress in the design of
novel receptor-based optical contrast agents continues,
the need exists for rapid screening of these compounds
by quantifying their receptor binding affinity. Accord-
ingly, we report here the preparation and biclogical
evaluation of novel, peptide-based receptor-specific opti-
cal contrast agents that absorb and emit radiation in
the visible (fluorescein derivatives) and the NIR (car-
bocyanine derivatives) regions. Both fluorescein and
carbocyanine dye-labeled biomolecules are widely used
in optical imaging studies. Because of the rapid attenu-
ation of light by endegenous chromophores in the visible
wavelength (400—700 nm), the flucrescein derivatives
are useful for imaging superficial lesions, endoscopy-
accessible deep tissues, surgically exposed tissues, and
delicate organs such s the prostats, where rapid

attenuation of light prevents damage to sensitive organ -

parenchymal cells, At the NIR region between 700 and
900 nm, the low light scattering and absorption by
endogenous photoactive biomolecules permit photons to
penetrate several centimeters into tissue, Thus, the
carbocyanine dye derivatives are particularly useful for
detecting and diagnosing pathelogic conditions in deep
tissues.

Furthermore, optical imaging is an emerging diag-
nostic method and its acceptance in clinical practice
requires validation of the images obtained with estab-
lished imaging modalities such as scintigraphy and
maguetic resonance imaging (MRI),5%-38 Qne approach
to validating optical imaging invelves the coregistration
of the target tissue with a second modality using the
same exogenous contrast molecule. To this effect, we
synthesized and evaluated novel dual imaging probes
comprising a receptor-avid peptide for tumor targeting,
fluorescein for optical imaging, and a radioactive or
paramagnetic metal chelator for scintigraphy or MRI,
respectively. This method would cbviate the need to
administer two or more different compounds that may
complicate the coregistration due to differences in the
individual drug’s pharmacokinetics.
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Chemistry

Fluorescein Isothiocyanate (FITC) Derivatives.
We prepared four groups of {luorescein-labeled peptides
as shown in Tables 1—4. Previous studies have demon-
strated that the truncated somatostatin and bombesin
octapeptides 2 and 13 exhibit high binding to their
appropriate receptors.??* Consequently, we retained
the basic structural framework of these peptides in all
somatostatin and bombesin derivatives prepared. The
peptides were synthesized on solid suppert by standard
automated fluorenylmethyloxycarbonyl (Fmoc) solid
phase synthesis.*” Subsequent conjugation of com-
mercially available FITC with the peptides was per-
formed either on solid support or by solution phase
synthesis, depending on the nature of the peptide,

Fluorescein derivatives of peptides devoid of multiple
FITC-reactive functional groups, such as 17, are readily
prepared by solution phase reaction, while those pos-
sessing more than one FITC-reactive site on cleavage
from the resin, such as 8, are best prepared on solid
phase before removing all side chain protecting groups.
However, reaction of FITC with 2 to form 8 on solid
support was slow and gave poor yields {<5%) of the
desired isolated compound. We also observed a similar
trend for all of the peptides possessing N-terminal
aromatic amine acid units, and this low yield could be
attributed to steric factors. Hence, we investigated the
traditional solution phase reaction for the conjugation
of FITC to the somatostatin peptide analogues. Initially,
we prepared the octapeptide (2) on trityl resins, which
permits cleavage of the peptide from the solid support
with mild acids that leave all side chain protecting
groups intact. Selective removal of the N-terminal Fmoe
protecting group, followed by base-catalyzed coupling
of FITC in solution, did not give the desired compound
after high-performance liquid chromatography (HPLC)
separation of the crude mixture, It is possible that the
bulky side chain protecting groups hinder the reaction
of FITC with amines under this reaction condition.
Because the reactivity of FITC favors primary amines,
we overcame this problem by removing all side chain
protecting groups, except the K5 e-amino group that is
critical for maintaining the peptide’s receptor binding
activity. The orthogonal protecting group was removed
after conjugation of fluorescein to the N-terminal amino
group (Scheme 1). This approach consistently gave the
desired compounds shown in Table 1. However, we
observed that the introduction of hydrophilic and lipo-
philic spacers to the nonreceptor binding N-terminal end
of the somatostatin peptide enhanced the conjugation
of FITC to the peptide on solid support.

Synthesis of the fluorescein derivatives of bombesin
peptide analogues was readily accomplished by solution
phase reaction since the receptor binding moiety does
not contain multiple FITC-reactive funetions (Table 3).
Selective attachment of FITC to the a- or e-amino group
of lysine was accomplished by orthogonal protection of
the amines with either Fmoc or 1-(4,4-dimethyl-2,6-
dioxotyclohexylidene)-3-methylbutyl) (ivDde} group. Typi-
cally, the amine group for FITC attachment is protected
as Froe to enable automatic deprotection of the amino
group by standard peptide synthesis protocol. For the
synthesis of homogeneous dual optical probes (20 and
24), both amine functions of lysine were protected with
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@ FITC, fluorescein thiourea group; T-ol, threoninol; T-OH,
threonine.  NA, not applicable because cur assay was limited to
100 nM of the competing ligand and the stated ICss value was
obtained by extrapolating the data from a four parameter curve-
fitting program.

Table 2. Somatostatin Analogues for Multimodality Imaging
Compd Condensed Stracturs™ ICse (1M} | SB £ ui)
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S
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@ FITC, fluorescein thiourea group.

identical groups (usually Fmoc) during peptide synthe-
sis. Expectedly, solid and solution phase reactions of
FITC with 14 and 16 gave a mixture of the bis-
fluorescein derivatives (20 and 24) and the correspond-
ing @- and e-amino lysine mono-FITC analogues. For-
tunately, the differences in the retention time of each

215

s

compound on HPLC are sufficient to facilitate their
isolation with ease, While the mono- and bis-FITC
derivatives are readily distinguishable by mass spec-
trometry, the isomeric monoderivatives were identified
by spiking each fraction of the isolated compounds with
authentic samples prepared by the orthogonal protection
procedure described above. Because of the simplicity of
this reaction procedure and the ease of isolating each
component of the reaction product, we also used this
one pot synthesis approach for the preparation of all
three (o-, -, and bis-fluorescein) derivatives.

The tandem receptor-specific dye—chelator probes
prepared for potential dual optical and scintigraphic or
MRI are shown in Tables 2 and 4. The availability of
chelator precursors that are eompatible with solid phase
synthesisi? allowed us to prepare the disthylenetri-
aminepentaacetic acid (DTPA) and eyclodedecane-1,4,7,-
10-tetranzaacetic acid (DOTA) derivatives on solid
support. Thus, in all cases, we coupled crthogonally
protected tri-tert-butyl DTPA or tri-terf-butyl DOTA to
an - or e-amino group of lysine by the same automated
solid phase synthesis procedure used to prepare the
peptides, 4! Although direct coupling of FITC fo the
chelator—peptide derivatives on solid support was not
succesgful, geod results were obtained by solution phase
reactions. For the somatostatin tandem probes (Table
2), the K e-amino group was protected with ivDde, the
®- or e-amino function of K1 for coupling the chelator
was protected with Fmoc, and the remaining K* amino
group for FITC attachment was protected with a terz-
butyloxycarbenyyl (Boc) group. Cleavage of the chela-
tor—peptide derivative from the resin also removes the
Boc protection, and reaction of FITC with this free
amine, followed by removal of the ivDde group, gave the
desired compounds 9-11. Because the bombesin peptide
analogues in Table 4 lack multiple FITC-reactive groups,
the synthesis of cornpounds 28—-31 involves concomitant
cleavage of the peptide from the resin and removal of
all side chain protecting groups, followed by coupling
of FITC to the peptide.

Carbocyanine Derivatives. The receptor-specific
carbocyanine derivatives prepared for this study absorb
and fluoresce in the NIR region and are thus useful for
deep tissue imaging. Scheme 2 summarizes the proce-
dure employed to prepare the NIR optical probes shown
in Table b. Synthesis of the carbocyanine dyes has been
described elsewhere 2729 A1) other reactions, including



Table 8. Bombesin Analogues and Fluareseoin Derivatfves

compd condensed structure® 1Cs (aM) SE £ (nM)
12 pQ-Q-R-Y-G-N-Q-W-A-V-G-H-L-M-NH; COLl 02
13 Q-W-A-V-G-H-L-M-NHa 28.3 3.7
14 K-Q-W-A-V.-G-H-L-M.NH; 10.5 38
16 G-5-G-Q-W-A-V-G-H-L-M-NH; 7.6 13
16 K-G-3-G-Q-W-A-V.G-H-L-M-NH; 4.3 0.6
17 FITC-Q-W-A-V-G-H-L-M-NH, 32 04
18 a-FITC-K-Q-W-A-V-G-H-L-M-NH, 5.8 14
19 & FITC-K-Q-W-A-V-G-H.L-M-NH, 59 1.6
2¢ 0,e{FITC)-K-Q-W-A-V-G-H-L-M-NH; 9.5 18
21 FITC-G-5-G-Q-W-A-V-G-H-L-M-NHz 9.2 0.3
22 o-FITC-K- G-8-G-Q-W-A-V-G-H-L-M-NH; 15.6 4.8
23 &FITC-E-G-8-0-Q-W-A-V-G-H-L-M-NH, 9.6 1.7
24 &,e-(FITC)-K G-5-G-Q-W-A-V-G-H-L-M-NH, 20.6 2.9
@ FITC, fluorescein thiourea group; pQ, pyroglutamic acid,
Table 4. Bombesin Analogues for Multimodnality Imaging
compd condensed structure® ICzo {nM} SE &+ (nM)
25 DTPA-P-Q-R-Y-G-N-Q-W-A-V-G-H-L-M-NH, 4.7 0.3
26 o-DTPA-K-Q-W-A-V-G-H-L-M-NH: 410 NA
27 & DTPA-K-Q-W-A-V-G-H-L-M-NH, 4.8 1.1
28 o,¢(DTPA)-K-Q-W-A-V-G-H-L-M-NH; 240 NA
29 a-DTPA-¢-FITC-K-Q-W-A-V.G-H-L-M-NH; 276 NA
a0 @ FITC-¢-DTPA-K-Q-W-A-V-G-H-1-M-NH, 20 1178
31 0-FITC-e-DOTA-K-Q-W-A-V-G-H-L-M-NH; 15 ¢

@ FITC, fluorescein thiourea group.
inhibition curve form,

Scheme 2

conjugation of the dye to peptides, were carried cut on
solid support, This approach enabled us to selectively
prepare the monopeptide conjugates and & mixture of
the mono and the bis-peptide derivatives, depending on
the reaction conditions. Activation of carbocyanine bis-

FmogNH-AA-COH

BHCH,) CO,H

37

HOOG

Automated peptide
synthesls on solid suppon
e e A
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5 The shape of the competitive binding curves for these compounds does not conform to regular
despite repeated experiments. Receptor binding assay was optimized for ICsg values batween 1 and 10 nM.
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40

propanvic acid (39) with 3 equiv of a carboxyl-activating
reagent and subsequent condensation to the N terminus
amino group of 2 gave predominantly the monooctapep-
tide conjugate (32). A significant amount of the bis-
peptide derivative can be prepared by reactivating the



Table 5. Pepde-Carbocyanine NIR Optical Contrast Agents
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free carboxylic acid group of the monopeptide—car-
bocyanine dye while still on solid support and allowing
the reaction to proceed for 24 h in the dark. Elongation
of the N-alkyl group of the carbocyanine dye from ethyl
(40, » = 1) to pentyl (40, n = 4) facilitated the
preparation of both mono- (88) and his- (84) peptide
derivatives with 3 equiv of a carboxyl activation reagent.
Isolation of these compounds by HPLC was not cumber-
some due to the large difference in the elution pattern
of the mono- and bis-peptide derivatives, as described
in the Experimental Section.

The absorption and emission of fluorescein (1., 490
nm absorption, 530 nm emission), carbocyanine dye 39
(Amax 795 absorption, 830 emission), and their respective
bioconjugates in 25% aqueous dimethyl sulfoxide (DMSO)
were practically the same at the submicromolar con-
centrations examined. At higher concentrations (100
4#M), changes in photophysical properties of the dyes
arise from molecular aggregation or dimerization 2

Biological Results and Discussion

In Vitro Studies. Results of the in vitro binding
assays of fluorescein derivatives are shown in Tables 1
and 2 for somatostatin receptor using the rat pancreatic
tumor cell line, CA20498, and Tables 3 and 4 for
bombesin receptor using the rat pancreatic acinar cell
line, AR42-J. Table § shows the receptor binding affinity
of the carbocyanine derivatives for both somatostatin
and bombesin receptors. Both tumor cell lines express
somatostatin and bombesin receptors. Established so-
matostatin or bombesin receptor-avid peptides were
used ae internal standard for the receptor binding
studies. To validate the assay, we assessed the binding
of luorescein disodium salt, indecyanine preen, and the
carbocyanine dye 89, all of which are devoid of a
receptor-avid peptide component. No binding to recep-
tors was cbserved in the presence of up to 100 nM
concentration of these dyes, and similar results were
obtained with scrambled peptides that lack the receptor
binding motif (Figure 1). The reliability of the assay
protoco]l was also confirmed by the lack of competitive
inhibition of a radiclabeled bombesin receptor-avid
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Figure 1. Inhibition of [*!In)-DTPA-{¥4-bombesin (trace)
binding te AR42-J membranes using varying concentrations
of control compounds and known competitors. Symbols cor-
respond to the following compounds: ©, DTPA-[Y4l-bombesin;
®, bombesin; O, FITC; W, ICG; O, cypate.
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Figure 2. Inhibition of [In}.-DTPA-[Y4-bombesin (trace)
binding to AR42-J membranes using varying concentrations
of the bombesin analogues listed in Table 3. Symbols corre-
sponding to compounds or to number codes given in Table 3
are as follows: O, DTPA-[Y*]-bombesin; @, 14; 00, 16; W, 16;
<, 17; 9, 18; 4, 19; a, 20; v, 21; ¥, 22,
tracer by an otherwise somatostatin receptor-avid dye-
labeled peptide.

After we established the reliability of the binding
assays, we evaluated the receptor binding affinity of the
novel compounds prepared. Most of the new compounds
effectively competed with the receptor binding of the
appropriate reference standard (Figures 2 and 3). As
shown in Table 1, direct coupling of FITC to the
bioactive somatostatin octapeptide 2 to form 8 resulted
in a peptide with high receptor affinity, having an 1Cg
in the nanomolar range. We further investigated the
effect of linkers at the nonreceptor binding N terminus
that could improve the peptide’s solubility in a biclogical
medium, modify the in vivo biedistribution, and facili-
tate the preparation of tandem heterogeneous diagnostic
probes for combined optical and scintigraphic or mag-
netic resonance tumor imaging. Introduction of a non-
bulky hydrophobic linker was expected to minimize the
renal excretion of 2 and enhance the conjugation of
FITC to peptides on solid support. However, coupling
of A-alanine to 2 and subsequent conjugation of FITC
to obtain 4 drastically reduced the binding affinity (ICp
> 1 uM). Compound 5, which has a hydrophilic linker
between FITC and 2, improved water solubility and
receptor binding as compared with 4, albeit still orders
of magnitude lower than 3. Addition of a lysine linker
to 2 provides two sitea for coupling one or more probes
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Figure 3. Inhibition of (1In]-DTPA-[Y?-octreotate (trace}
binding to CA20948 membranes using varying concentrations
of the somatestatin analogues listed in Table 1. Symbols
corresponding to cornpounds or to number codes given in Table
1 are as follows: O, DTPA-[Y¥)-octreotate; @, 1; 0, 2; W, §; O,
4; %, 6, v, 5. :

to the same molecule. Of these possible positions,
conjugation of FITC to the g-amino lysine group (6) is
preferred to the e-position (7).

The inclusion of a lysine linker enabled us to prepare
molecules that are potentially useful for diagnosis of
tumors by a dual imaging system. This approach could
provide distinctly new diagnostic information while
complementing established imaging modalities. Becanse
optical tomography is an emerging diagnostic method,
tandem probes are also useful for cross-validation
purposes, Accordingly, we coupled FI'TC and a chelator
to the alternate amino group of the nenbinding N-
terminal lysine (Table 2). We chose DTPA and DOTA
as chelators because they are widely used to prepare
radioactive and paramagnetic metal chelates for bio-
medical imaging 414344 Pahle 2 shows that while the
relative position of the metal chelator and optical probe
affect the receptor binding affinity of the peptides, the
nature of the chelating group (linear DTPA or cydic
DOTA) had virtually no effect. Thus, for such dual
heterogeneous imaging agents, coupling the chelator to
the a-position and the optical probe to the e-position of
Iyzine resulted in conjugates that retain the receptor
binding affinity of the peptide.

Similarly, we evaluated the binding affinity of several
derivatives of bombesin receptor-avid peptides. Unlike
somatostatin analogues, all of the bombesin peptide
derivatives had high receptor affinity with measured
ICg values in the nanomolar range, indicating tolerance
of the N terminus medifications by the peptide’s phar-
macophore (Table 8). However, as with the somatostatin
analogues, the receptor binding affinity of the dual
probes was less dependent on the nature of the chelator
(30 and 31) but was affected by the relative position of
the optical probe and the chelator (29 and 30). In this
caee, the preferred molecular design requires coupling
the chelator to the ¢-amine group and the optical probe
to the nonreceptor binding o-amino Iysine position.

All of the NIR-absorbing carbocyanine dye derivatives
prepared, which are useful for deep tissue optical
imaging, retained very high binding affinity for soma-
tostatin and bombesin receptors (Table 5). Within the
somatostatin series, increasing the dye’s linker N-alkyl

. chain length from ethyl (82) to pentyl (38) or the
introduction of a S-alanine spacer (85) did not consider-
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ably alter the receptor binding affinity of these com-
pounds. However, comparison of 32 and 84 shows that
the bis-peptide derivative 84 has about four times the
receptor binding affinity of the menopeptide conjugate
82, This difference in binding eould be attributed to
cooperative effect of the two peptides per dye molecule.
In the case of carbocyanine—bombesin conjugate 88,
higher receptor binding affinity than the parent peptide
15 wasg obtained.

In Vivo Studies. Whole body imaging of rats and
imaging of excised organs were accomplished by nsing
a low-powered continuous wave laser source to excite
the probe at the appropriate wavelengih and monitor
the distribution of the imaging agent with a charge-
coupled device camera. The characteristic absorption
{490 nm) and fluoreseence (530 nm) of fluorescein
require the use of light in the visible region for optimal
localization of pathologic tissues with the aid of fluo-
rescein-based contrast agent. Hence, fluorescein deriva-
tives are best-suited for imaging superficial tissues
because of the shallow penetration of blue light in
tissues. In contrast, the absorption (780 nm) and
fluorescence (830 nm) of the carbocyanine derivatives
in the NIR region permit their use for optical imaging
of deep tissues. -

For in vivo optical imaging, we injected AR42-J
(bombesin receptor-positive) or CA20948 (somatostatin
receptor-positive) pancreatic tumor cells into the left
flank of rats and allowed them to grow into a palpable
mass. Control experiments with inactive receptor bind-
ing fluorescein disodium salt and the low-receptor
affinity S-alanine-somatostatin fluorescein derivative (4)
show that these compounds were not retained in the
turnor.

A representative fluorescein-based somatostatin re-
ceptor binding peptide 3 was injected into the lateral
tail vein of CA20948 tumor-bearing rats. Preferential
retention of the agent in the tumor was slow and peaked
at about 1 h pestinjection but remained in the tumor
up to 5 h later (Figure 4). On the other hand, dif-
ferentiation of the tumor from nermal tissue was
evident 10 min postinjection of the bombesin peptide
analogue 17 into AR42-J tumor-bearing rats. Although
time sequence imaging showed that the preferential
retention of 17 in the tumor increased gradually with
time, this agent cleared from the tumor and other
tissues 1 h postinjection. To account for the rapid
elimination from tissues, we collected urine and excised
various organs and tissue samples 2 h postinjection of
17 into AR42-J tumor-bearing rats. Optical imaging
revealed that the conjugate was almost exclusively
excreted by the kidneys into urine (Figure 5). Postulat-
ing that inhibition of this clearance pathway would
improve tumor retention by keeping the probe in blood
for a longer period, we carried out a bilateral ligation.
of the kidneys before injection of 17. Our results indicate
that instead of increasing the tumor retention, the probe
reverted to the hepatobilliary excretion route {Figure
5). Thus, despite their favorable receptor binding values,
the pharmaeokineties of compounds such as 17 may
preclude their use for in vivo tumor detection.

As demonstrated by the in vitro data, the NIR
conjugates have high receptor binding affinity. Prier to
in vivo evaluation of representative receptor-specific
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Figure 4. Time sequence localization of fluorescein—somatostatin receptor-avid optical prebe 8 in a CA20948 tumor-bearing
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Figure 5. (a) Imaging of urine, excised organs, and tisgues 2
h postinjection of 17 to Ar42-J tumor-bearing rat. The organs
include liver, pancreas, kidneys, and the heart. The compound
is almost exclusively excreted by the kidneys into wrine. (b)
Imaging of excized organs and tissues 2 h poatinjection of 17
into a bilateral ligation of the kidneys of AR42-J tumor-bearing
rat. The excretion route changed from renal to hepatobiliary.

agents, we assessed the nonspecific retention of the
nonconjugated carbocyanine dye 89 in CA20948 turmor-
bearing rats. Administration of 89 to tumor-bearing
rats, and subsequent time sequence optical imaging,
demonstrated that this dye was not retained in the
tumor., Furthermore, ex vivo evaluation of excised
organs 1 h postinjection showed that the compound was
predominantly taken up by the liver. This lack of uptake
by the tumor agrees with the observed poor specific
binding of the dye to somatostatin receptor, Conversely,
the high receptor binding affinity of the carbocyanine—
peptide conjugates 32, 84, and 86 correlated with
selective retention of the agents in tumors in viva. Time
sequence imaging of the whole rat revealed rapid
delineation of the tumor within 30 min postinjection and
showed that the compounds were retained in tumors
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Figure 6. (a) Fluorescent image of the NIR somatestatin
receptor-avid optical probe 82 in & CA20948 tumor-bearing rat
at 27 h postinjection. (b) Fluorescent image of the NIR
bombesin receptor-avid optical prebe 86 in an AR-42-J tumor-
bearing rat at 22 h postinjection.

up to 40 h later (Figure 6). The imaging of excised organ
parts also confirmed the whole animal imaging results
{Figure 7).

Discussion

The upregulation of somatostatin and bombesin re-
ceptora in fumeors relative to normal surrounding tissues
permits the preferential delivery of therapeutic and
diagnostic molecules to pathologic cells without harming
healthy tissues.33% Previous studies with radiolabeled
octapeptide analogues of native somatostatin and homb-
esin polypeptides demonstrated the site-specific local-
ization of these truncated peptides in the appropriate
receptor-positive tumor cells. 4445 Findings of these
studies also showed a good correlation between in vitro
receptor binding affinities and selective retention of the
peptide’s radioactive metal complexes in tumors in vivo,
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- Figure 7, Localization of 82 jn tissues of a CA20948 tumor-
bearing rat 24 h postadministration.

Consequently, we prepared fluorescein- and carbocya-
nine-labeled analogues of the truncated somatostatin
and bombesin peptides and evaluated their receptor
binding activities.

Fluorescein Derivatives. Direct conjugation of
FITC to 2 gave the octapeptide 8, which retained the

receptor binding affinity of the ligand in the nanomolar

range. However, the difficulty in preparing 8 on solid
support and the need to modify the hiodistribution of
. the agent and introduce multiple probes per targeting
moiety prompted us to study the effect of both hydro-
philic and lipephilic linkers. Although the incorporation
of S-alanine to 2 facilitated the synthesis of 4 on solid
support, the resulting compound was inactive up to 1
u#M. Furthermore, in vive evaluation of 4 in CA20048
tumor-bearing rats showed no preferential retention in
the tamor and was primarily excreted by the kidneys.
It is possible that the flexible ethylene linker of f-ala-
nine favored a disruptive interaction of the conjugatie’s
thipurea moiety with the peptide’s cyclic disulfide bond.
Because the disulfide bond of 4 is critical for the
peptide’s bioactivity, any such intramolecular interac-
tion could disrupt the receptor binding of the entire
molecule, Another plansible explanation for the inactiv-
ity of 4 could result from other inhibitory interactions
of the hydrophilic fluorescein with the receptor binding
domain, which could be induced by the presence of
nonsterically hindered flexible linkers such as an eth-
ylene group. ‘
Replacement of the f-alanine with a less flexible
nonionic hydrophilic linker to give 5 improved receptor
binding, albeit still several orders of magnitude less
than 3. However, substitution of 8-alanine in 4 hy lysine
improved the receptor binding and also provided two
posgible FITC-reactive sites that influence the bioac-
tivity of the conjugate. Thus, coupling FITC to the
a-amino position of lysine gives a compound (8) that is
several orders of magnitude more active than the
e-amino conjugate analogue (7). As expected, attach-
ment of FITC to the flexible e-amino group increased
the potentis] of the resulting thicurea group to interact
with the peptide’s disulfide bond or the receptor in a
gimilar manner as was observed with g-alanine (4) and
GSG (5) linkers, However, the extent of this negative
interaction appears to depend on the distance of the
FITC-reactive site of the flexible linker from the pep-
tide’s disulfide bond. Thus, the receptor binding affinity
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increased as longer flexible lingers were used (.e.,
¢-amino lysine > GSG > S-alanine). Interestingly, direct
coupling or conjugation of FITC to a more rigid linker
that minimizes interaction of the thiourea group with
the peptide’s disulfide bond favored high receptor bind-
ing of the flucrescein—peptide derivatives such as 3 and
6. The negative effect of flexible linkers on ligand—
receptor binding was only observed in the fluorescein
conjugates of the cyclic disulfide somatostatin peptide
analogues but not with the bombesin peptide analogues
21-23 or the hydrophebic earboeyanine analogue 35,
which retpined their receptor binding activity in the
presence of flexible linkers. i

The influence of fluorescein and linkers on the bio-
activity of bombesin peptide analogues is less pro-
nounced relative to gomatostatin derivatives (Table 3).
Direct attachment of FITC to the bombesin peptide 13
to give 17 improved the receptor binding affinity of the
ligand. Furthermore, incorporation of two fluorescein
moieties to truncated hombesin peptides did not com-
promise the receptor binding affinity of the conjugates
(20 and 24), These homogeneous multiprobe ligands
could improve detection sensitivity by a net enbance-
ment of optical signal per molecule and could be
particularly useful for imaging tissues with low receptor
density. Because bombesin analogues tolerate a variety
of substituents at the N terminus without loss of
receptor binding activity, they could serve as model
bioactive molecules for multispectral eptical imaging
studies.

Although biomedical optical imaging is not new,
recent advances in laser technology and imsage recon-
struction techniques have reignited interest in the use
of this highly sensitive and noninvasive method for
diagnosing pathologic conditions.*® Acceptance of optical
tomography in clinical settings, however, requires vali-
dation of the images with conventional imaging methods
such as scintigraphy or MRI. Such cross-validation
studies would benefit from the use of a single molecule
that is capable of providing important diagnostic infor-
mation from both optical and other imaging methods.
Accordingly, we prepared and evaluated the binding
affinity of potential tandem imaging agents (Tables 2
and 4} and compared the result with analogous peptide—
chelator conjugates that are traditionally used in nuclear
medicine. For example, the DTPA—somatostatin peptide
analogue 8 is extensively used in basic research and
clinical studies.s7

On the basis of the somatostatin receptor binding
affinity of compounds 6 and 7 (Table 1), we expected
that conjugation of FITC to the ¢-amino lysine and a
chelator to the e-amino group would give better binding
molecules than vice versa. To test this hypothesis, we
prepared compounds 9 and 10. The results of binding
studies using these molecules were the converse of our
expectation (Table 2). Apparently, the relative position
of the chelating group to flzorescein significantly influ-
ences the receptor binding of the tandem imaging
agents. Thus, coupling DTPA to the a-amine group of
lysine mitigates the deleterious effect of conjugating
FITC to the flexible e-amino lysine. In addition, chang-
ing the chelator from DTPA to DOTA did not alter this
result (10 and 11), Because the hinding affinity of the
dusl imaging agents was independent of the nature of
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receptor binding affinity of new dual modality com-
pounds could be accomplished with the less expensive
DTPA.

While the receptor binding affinity of various fluo-

rescein—bombesin derivatives showed little variation,
incorporation of DTPA into fluorescein-containing bomb-
esin peptides induced a position-dependent binding
activity, as was observed with the somatostatin ana-
logues. However, unlike the DTPA—octreotate conju-
gates (Table 2), coupling DTPA to the ¢-amino lysine
and FITC to the c-amino group improved receptor
binding rather than the converse (compare 29 and 30,
Table 4). Replacement of the linear DTPA with DOTA
at the e-amino group (81) gave a similar receptor
binding value. Thus, in designing molecules for tandem
fluoreseein—chelator probes, the overall activity of the
resultant molecule appears to rely on the relative
position of the chelator on the linker thean flucrescein,

Carbocyanine Derivatives. The carbocyanine de-
rivatives prepared for thig study absorb and fluoresce
in the NIR region and are thus useful for deep tissue
imaging. Coupling the hydrophobic carbocyanine dye 89
Lo somatestatin and bombesin peptides resulted in
conjugates that retained high binding affinity to the
appropriate receptor, despite the relatively large aize
of the dye component. Comparison of the flucrescein and
carbocyanine analogues shows that the latter consis-
tently had better receptor binding affinity than the
former. Specifically, while the fluorescein conjugate 4
is inactive up to 1 uM, the carbocyanine analogue 36
retained high receptor binding affinity in the nanomolar
range. Furthermore, comparison of the carbocyanine—
bombesin derivative (86, Table 5) with the fluorescein
analogue (21, Table 3) indicates that the former is about
five times better than the latter.

At first glance, the small size of the peptide targeting
groups used in this study would suggest that coupling
the carbocyanine dye 39, which is more than twice the
molecular weight of flucrescein and constitutes over 40%
of the entire conjugate’s molecular weight, would inter-
fere with receptor binding. This, however, is not the
case. A variety of possible mechanisms could be postu=-
lated for the observed high receptor binding of the
carbocyanine dye derivatives. It is likely that the large
molecular volume of the hydrophebic NIR dye precluded
it from fitting into the binding region of the receptor,
thereby permitting the bioactive peptide unit to interact
exclusively with the receptor. This preclusion of the
large hydrophobic dye component eould deter competing
ligands from displacing the dye~peptide conjugate from
the receptor by two possible mechanisms. On one hand,
displacement of the receptor-bound peptide of the
conjugate by hydrophilic competitors iz inhibited by
unfavorable intoraction by the protruding hydrophobic
dye portion. On the other hand, the favorable associa-
tion of hydrophobic competitors with the dye component
prevents access to the receptor binding domain oceupied
by the peptide component of the conjugate. Both possible
mechanisms would enhance the receptor binding of the
carbocyanine molecules, However, confirmation of the
exact mechanism and the structura)] disposition of the
ligand—receptor interaction would require additional
studies beyond the scope of this work.
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The in vitro studies also show that while the receptor
binding affinity of the carbocyanine conjugates is not
influenced by the length of the N-alky] linker, it depends
on-the nurnber of peptide conjugates per dye molecule
{compare 82—34, Table 5). The enhanced receptor
binding of the bis-peptide derivative 34 may be at-
tributed to cooperative interaction of the two peptides
with the receptor or may be simply due to the effective
doubling of the peptides concentration.

Biodistribution and Tumor Localizetion. The
preferential accumulation of the fluorescein conjugate
3 in the somatostatin receptor-positive tumor CA20948
peaked at about 1 h postinjection and suggests active
uptake of the compound by the receptor (Figure 4)
because in negative control experiments using either
fluorescein disodium salt or nonsomatestatin-avid dye—
peptide conjugates, retention in the tumor was not
observed.

Contrel experiments with the nonconjugated car-
bocyanine dye 89 and the corresponding nonsomatosta-
tin-avid peptide conjugates neither localized in the
tumor in vivo nor had detectable affinity for the soma-
tostatin receptor in vitro. In contrast, the high receptor
binding affinity of the carbocyanine derivatives was also
reflected by tumor localization in vive. Thus, injection
of 32 and 84 into somatostatin receptor-positive CA20948
tumor-bearing rat and subsequent optical imaging
demonstrates the site-specific localization of the agent
in the tumor (Figure 6). Ex vivo imaping of excised
organs and tissues shows the predominant retention of
the agents in tumor tissues (Figure 7). The small uptake
of the agent by the liver and the pancreas is expected
because the liver is the primary excretion route of the
nonconjugated carbocyanine dye while the rat pancreas
possesses some somatostatin receptors. This finding
affirms the reliance on the receptor binding studies for
rapid evaluation and selection of tumer-specific optical
contrast agents for biomedical studies. In addition to
its use in tumor diagnosis, this approach is applicable
to the treatment of appropriate recaptor-positive tumors
by & photodynamic therapy method.

In conclusion, we prepared novel optical and hetero-
geneous dual imaging agents for fumor diagnosis. The
delivery mechanism is based on targeting overexpressed
receptors on tumer cell membranes. We quantified the
receptor binding affinity of all of the reported biocon-
Jjugates and showed that the in vitro data correlate
positively with the in vivo selective retention of the
receptor-specific probes in the appropriate receptor-
positive tumer model, The fluarescein and carbocyanine
dye conjugates of bombesin peptide analogues retained
their receptor binding affinity in the nanomolar range,
On the contrary, the receptor binding affinity of the
somatostatin receptor-avid optical probes was depend-
ent on the dye used. While the carbocyanine peptide
conjugates retained high receptor binding affinity, bind-
ing of the fluorescein analogues depended on the nature
of the thiourea linker. Conjugation of FITC to form
thiourea with an amino group of the peptide via a
flexible linker appears to destabilize the peptide’s dis-
ulfide bond, which is part of the molecule's pharma-
cophore. Consequently, a ‘more stable fluorescein con-
jugate of somatestatin peptide analogues may be
prepared from fluoresceinamine, which gives an amide
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. groups bafors coupling FITC o the peptide. Syn! ‘
- fluorescein peptide conjigate 21 is typical for the: prepa.ratlon ;

. arnount of the desired coinpound. ‘Coupled with the poor yield,
“this ‘procediire. would require; extensive: workup'in -order to
' ‘remove all protecting grotips and iselate the compou.ud Hence. N
' thzs procedurs was, ahandoned,

'The second approauh which as'used tn.prepare a ma]ont‘y .

thesis of the
‘of hombesin derivatives by this approach. Briefly, the peptide .

) was prepared hy atandard Fmoc procedum desmhed ahnve ‘




and cleaved from the resin to obtain the undecipeptide 16, A

mixture of this peptide (10 mg, 9 pmol), FITC (10 mg, 25 pmol),
and NaHCO; (10 mg, 120 smol) in 2 mL of DMF was stirred
for 12 h at room temperature and filtered into cold MTBE to
give a yellow-orange precipitate. The supernatant was removed
after centrifugation, and the ¢rude product was washed with
MTBE (3 % 3 mL), dried, lyophilized, and purified by prepara-
tive HPLC, ’

In this procedure, cleavage of the somatostatin dervatives
also exposes the e-amino group of the lysine pharmacaphore
{2.g., compound 2, K° to reaction with FITC. Consequently,
this amine group was protected with ivDde, which is not
affected by the cleavage mixture. Thus, a typical procedure
for the synthesis of the somatostatin derivatives begins with
the incorporation of Fimoc-lysine(e-ivDde)OH in the receptor
binding lysine. After the peptide synthesis was completed,
cyclization and removal of the N-terminal Fmoc group and
cleavage of the peptide from the resin with TFA also removed
all side chain protecting groups, except ivDde. Subsequent
reactions are illustrated by the synthesis of 3. FITC (12 mg,
28 pmol) and NafCOs (10 mg, 120 gmol) were added to a
solution of the crude peptide (prepared on a 25 pmol scale) in
2 ml, of DMF and stirred for 12 h, The mixture was filtered
inte 8 mL of MBTE to precipitate the arange product, and
analysis of the crude product by HPLC showed about 50%
conversion. This preduct was treated with a 1 mL solution of
2% hydrazine in DMF for 20 min in order to remove the ivDde.
The resulting mixture was poured into cold MBTE to precipi-
tate the conjugate, which was Jyophilized and purified by

A similar method was used to prepare the bombesin peptide
derivatives, except that the cyclization step was not required.
Because the receptor binding region of bombesin peptides are
devoid of lysine residue, orthogonal protection of the amino
groups with ivDdde was only required when a lysine linker was
involved. On the basis of the FITC coupling reaction step, the
is_ollz:ited yield in all cases ranged from 20 to 25% of the expected
yield. )

FITC-DPhe-cyclo(Cys-DTyr-Trp-Lys-Thr-Cys)Thr-

OH (3). ESI-MS: m/» 1438 [M + HI*, 720 [M + 2Hj2*,

’ FITC-Gly-Ser-Gly-DPhe-cyclo(Cys-myr-'l'rp-Lys-Thr-
C[?H%Thr-()]i (5). ESI-MS: mfz 1840 M -+ HI*, 821 [M +
2 .

a—FITC-Lys-DPhe-cyclo(Cys-D’l‘yr-Tfp—Lys-’l‘hr—Cys)-
Thr-OH: (6). To specifically prepare this compound, the
e-amino group of bath K! and K® was protected with ivDde,
which remained intact after peptide cleavage from the resin
with TFA: This guarantees that only the o-amine group of
N-terminal lysine reacts with FITC. Subsequent remaval of
the ivDde protecting group was carried out with 2% hydrazine
in DMF, as described above. ESI-MS: mJ/z 1567 [M + HJ*, 784
M + 2H]J?*, 523 [M + 3H]3+.

e-FITC-Lys-DPhe-cycio(Cys-DTyr-'I‘rp-Lys-Thr—Cya)-
Thr-OH (7). To ensure the coupling of FTTC to the e-position,

. the reaction was carried out as described for compound 6
above, except that the a-amino group of K! was protected with
ivDde. ESI-MS: m/z 1567 M + HI¥, 784 (M + 2H]2*, 523 M
+ 3HJ3*. . .

o@-DTPA«-FITC-Lys-DPhe-cyclo(Cys-D'Tyr-Trp-Lys<Thr-
Cys)Thr-OH (8). In this reaction, tha e-amino group of K was
protected as ivDde while Fmoc-LyatBoe) was used for the
N-terminal amino group. Thus, at the end of the peptide
synthesis, tri-fert-butyl DTPA was directly coupled to the
a-amine group of K! after Fmoc. removal. Cleavage of the
peptide from the resin with TFA also removed the Boc group,
which allowed us to introduce FITC at the c-amino position.
ESI-MS: m/z 1942 [M + HJ*, 972 M + 2H] %+, 648 [M + 3HJ°+

&-FITC.c.DTPA-Lys-DPhe-cyclo(Cys-DTyr-Trp-Lys-Thi-
Cys)Thr-OH (10). A similar method deacribed for compound
9 was useft except that Boc-Lys(Fmoc) was used for the
N-terminal lysine, ESI-MS: m/z 1942 IM + HJ*, 972 [M +
2H)*, 648'[M + 3H]5. .

0-DOTA«FITC-Lys-DPhe-cyelo(Cys-DEyx-Trp-Lys-The-
Cys)Thr-OH (11). A similar method described for compound

-9 was used except that tri-ters-butyl DOTA instead of tri-tert-

butyl DTPA was used as the chelating group. ESI-MS: miz
1053 [M + H]*, 977 [M + 2Hj%t, 652 (M + 33+,

- FITC-Gln-Trp-Ala-Val-Gly-His-Leu-Met.NH; (17). ESI-
MS: m/z 1330 [M + H]*, 666 [M -+ 2H]*,

. a-FITC-Lys-Gln-Trp-Ala.Val-Gly-Bis Leu-Met-NH; (18).

223

Té¢ ensure selective coupling of FITC to the o-position, Fmoe-
Lys(ivDde) was used to prepare this compound by the proce-
dure described for the synthesis of compound 6. ESI-MS: m/z
1458 (M + HJ¥, 730 [M + 2H]%, 487 [M + 3HPt,

€FITC-Lys-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH; (19).
Conjugation of FITC to the e-position was assured by using
ivDde-Lya(ivDde) by the procedure described for the synthesia
of compound 6, ESI-MS: m/z 1468 {M -+ HJ*, 730 [M + 2Hj2*,
487 [M + 3HJ*.

0,6-(FITC)z-Lys-Gln-Trp-Ala-Val-(ly-His-Leu-Mat-
NH; (20). ESI-MS: mfz 1846 (M -+ H)*, 924 [M + 2H]®, 616
[M + 3H]+ ‘

FITC-Gly-Ser-Gly-GIn.-Trp-Ala-Val-Gly-His-Leu.Met-
NH; (21). ESI-MS: m/z 1532 [M + HI*, 768 (M + 2H]J2+.

o-FITC-Lys-Gly-Ser-Gly-GIn-Trp-Aln.Val-Gly-His-Leu-
Met-NH; (22). ESEFMS: miz 1669 [M + H]*, 830 [M 4 2H]%,
554 [M 4+ 3H}*+. :

«FITC-Lys-Gly-Ser-Gly-Glo-Trp-Ala-Val-Gly-His-Leu-
Met-NHz (23). ESI-MS: m/z 1660 [M -+ HI*, 830 [M + 2H]?*,
554 [M + SHP*.

o,€~(FITC)s-Lys-Gly-Ser-Gly-Gln-Trp-Ala-Val-Gly-His-
Imz;Met»NHg (24). ESI-MS: m/fz 1025 {M + 252+, 684 M +
3H)*,

@-DTPA-¢-FITC-Lys-Gln-Trp-Ala-Val-Gly-His-Leu-Met-
NH; (29). ESI-MS: m/z 1833 [M + Hi+, 918 [M + 2HI?*, 612
M+ 3H'_|a+_ .

0-FITC-c-DTPA-Lys-Gln-Trp-Ala-Val-Gly-His-Leu-Met-
NH: (30). ESE-MS: m/ 1833 [M + HJ*, 918 [M + 20, 12
[M -+ SH3+, .

o-FITC-¢-DOTA-Lys-Glo-Trp-Ala-Val-Gly-Hig-Leu-Met-
NH: (31), ESI-MS: m/z 1845 [M + HJ*, 923 [M + 2H1?*, 815
M + 3H)*,

Synthesis of Peptide—Tricarbocyanine-bis-propanoic
Acid Derivatives (32, 35, 36). A mixture of 1,1,2-trimethyl-
(1H]-benz[elindole 37 (9.1 g, 43.58 mmol) and 3-bromepro-
panoic acid (10.0 g, 65.37 mmoel) in 1,2-dichlorobenzene (40
ml) was heated at 110 *C for 12 h. The solution was caoled to
room temperature, and the residue obtained was filtered and
washed with a mixture of acetonitrile/diethyt ether (1/1). The
solid obtained was dried under vacuum to give 10 g (64%) of
light brown powder. A pertion of this solid (6.0 g, 16.56 mmol)
was added to a mixture of glutaconaldehyde dianil monohy-
drochloride (2.36 g, 8.28 mmol) and sedium acetate trihydrate
(2.93 g, 21.53 mmol) in 160 mL of ethanol, and the resulting
heterogeneous miviure was heated at reflux for 90 min. After
the solvent was evaporated, the residue was washed with 2
M aquacus HC! (4 x 40 mL) and the green paste obtained wag
lyophilized in water/MeCN (3/2) to give dark green flakes (2
g, 36% yield; ESI-MS: m/z 626.3 [M + H)*.

While still on sclid support, the N-terminal Fmoe group of
the peptide was removed and washed with 3 mi each of DMF,
MeOH, THF, and DCM in that erder. The resin-bound peptide
was added to preactivated carbocyanine dye 89 (63 mg, 75
mmol; activated with 80 mmaol of HBTU in DMSO for 30 min).
After the reaction mixture was shaken for 3 h, the resin was
washed with DMIF and DCM, followed by peptide cleavage and
removal of side chain protecting groups with a mixture of 85%
TFA, 7.6% H0, and 7.5% thicanisole in 4 h. The peptide—
dye conjugate was precipitated from the cleavage mixture with
celd MTBE and lyophilized in MeCN/H;O (2/3) mixture. The
green crude product wag purified by HPLC as described in the
General Section to give the cytate in 99% HPLC purity.

Tricarbocyanine-DPhe-cyclo{Cys-I¥Fyr- Trp-Lys-Thr-
gglsz)Fh;-OH (82). ESI-MS: m/z 1656 [M + H]*, 829 [M +

Tricarbocyanine-fAla-DPhe-cyclo(Cys-DTyr-Trp-Lys.
Thzr[:n(}gs).'l‘hr-OH (85). ESI-MS: m/z 1728 [M + H]*, 864 [M
+ .



’i‘ncarboc yanine-Gly-Ser-Gly-Gin-Trp-Ala-Val-Gly-His.

Leu-Met-NH, (36). ESI- MS mfz 1748 [M + H)*, 876 ™M+

2H]*,

Synthesis of Pephda—'I'rlcarbocyanine-bis-hexanonc
Acid Derivatives (33, 34). A similar procedurs deseribed
above was used to prepare these compounds except that 1,1,2-
tnmathy’l (iH])-benz(e]indole 87 was reacted with 6 bromohex—
anoic acid instead of 3-bromopropancic acid to give the
intermediate 1,1,2-trimethyl-[1H]-benz[e]indole-N-hexanaic acid.
Reaction of this intermediate (4 g, 9.89 mmol} with glutacon-
aldehyde dianil hydrochloride (1.4 g, 4.96 mmol} as described
above gave the carbocyanine dye 39 (with hexanaoic instead
of propaneic acid N-alkyl derivative, 1.8 g, 46% yield; ESI-
MS: mfz 709.4 M + H]*). This dye was used to prepare the
peptide conjugates 33 and 34.

Tricarbocyanine-DPhe-cyclo(Cys-DTyr-Trp-Lys-Thr-
Cys)Thy-OH (38), ESI-MS: mf 1740 [M + HI*, 871 M +
2H]?, 581 M + 3H]*,

Tricarhocyanine(DPhe-cyclo(Cys-DTyr-Trp-Lys-The-
Cys)Thr-OH); (34). ESI-MS: mJz 1387 (M -+ 2H|%%, 925 M
+ 3H)P*

In Vitro Receptor Binding Assays. Receptor binding
assays were performed using membranes prepared from the
rat pancreatic acinar cell lines AR42-J and CA20948 for
bombesin and somatostatin receptor binding assays, respec-
tively. Membranes were prepared by a methoed similar to that
previously reported.® Assays were carried out using Millipere
FC96 plates and the Millipore Multiscresn system (Bedford,
MA). For bombesin derivatives, the competitive receptos
binding of the tracer (111In]-DTPA-[PL,Y*]-bombesin to AR42-J
tell membranes (~60 ugfwell) was determined in the presence
of increasing concentration of cold competitors in buffer {50
mM Tris-HCl, pH 7.4, 5 mM MgCly, 0.2 mg/ml BSA}in a total
valume of 200 xL per well. Bimilarly, somatostatin receptor
binding studies used the tracer [*'In]-DTPA-[¥?|-0octreotate
and CA20048 cell membranes (~26 mg/well). Following ingu-
bation for 80 min at room temperature, membranes were
filtered and washed with buffer, The filters containing mem-
brane-beund radioactivity were removed from the assay plate
and counted using a Parkard Cobra gamma counter (Meriden,
CT). ICs0 values were ealenlated using a four parameter curve-
fitting routine using the program GraFit {Erithacus Software,
U.K.). Radiolabeling of DTPA-linked peptides was carried out
in 25 mM NaCAc and 12.6 mM sodium ascorbate (pH 5.0, room
temiperature, 30 min incubation). The specific activity of
radiolabeled peptides was > 1400 Ci/mmol. Radiochemieal yield
(+80.6%) and radicchemical purity (>98%) were determined
by reverse phase chromatography on a C18 Vydac column
using a MeCN/0.1% TFA gradient (5—70% MeCN over 20 min)
at a flow rate of 1 mL/min. Binding assays were performed in
duplicates per sample, and the experiment was repeated twice.
The stock solutions of dye-labeled peptides were prepared by
adding an accurate arnount of the weighed biaconjugate to 25%
DMSOD in water, and other concentrations were obtained by
serial dilution of aliquots from the stock.

Animal Protocols. All studies were conducted in compli-
ance with Mallinckrodt Inc, Animal Welfare Committee's
requirements for the care and use of laboratory animals in
research. The rat pancreatic acinar carcinoma (CA20948)
expressing the somatostatin receptor was induced by solid
implant technique in the rear left flank area. Palpable masses
were detected 9 days postimplant. This tumor line hag been
widely used for somatostatin receptor-positive assays, and the
number of hinding sites for somatostatin is estimated at 489
fmol mg-1.48

The animals were anesthetized with a rat cocltail (xylazine:
ketamine:acepromazine 1.5:1.6:0.5} at 0.8 ml/kg via intapari-
toneal injection, The area of the tumer (left flank) was shaved
to expose the tumor and surrounding surface area. 4 21 gauge

" butterfly infusion set equipped with a stopcock and two
syringes conteining heparinized saline was placed into the
lateral tail vein of the rat. Patency of the vein was checked
prior to administration of the new contrast agents via the
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but:tarﬂy"appa.rat-us Each animsl weighing about 250 g

- received 0.6 mL of aquecus solution of ICG (6.4 uM) or cytate

(6.0 uM).

‘Imaging Procedure. A simple noninvasive in vivo con-
tinuous wave fluorescence imaging apparatus employed to
assess the localization and distribution of contrast agents has
been previously described. 2’ Briefly, laser light of the ap-
propriate incident wavelength to excite the agent flusrescence
was launched into a fiber optic bundle. A defecusing lens in
position after the bundle expanded the beam such that most
of the rat was illuminated. An argon ion laser tuned to 488
nm was used to excite the fluorescein compounds, and a 780
nm laser diode was used for the carbocyanine compounds. The
lasera generated a nominal 60 mW of incident power, The lager
power at the output of the bundle was approximately one-half
of the input power.

The detector was a Princeton Instruments CCD camera. An
interference filter in front of the CCD (520 nm for fluorescein
compounds and 830 nm for carbocyanine cormpounds) allowed
for detection of the emitted fluprescent light only. Images were
acquired and processed using WinView seftware from Princ-
eton Instruments. Typically, an image of the animal was taken
preadministration of contrast agent. Subsequent images were
taken post administration of the agent, all performed with the
rat in a stationary pesition, Data analysis consisted of sub-
tracting {pixel by pixel) the preadministration image from the
postadministration images and displaying the results in gray
acala or false color. For images taken several hours postad-
ministration, the animals were removed from the sample area,
returned to their habitat, and then brought back to the sample
area. Background subtraction was not performed for these
measurements.
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