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Pretargeting involves administration of a tumor-targeting mono-
clonal antibody (mAb) covalently linked to a molecule having a
high-affinity binding site for a rapidly distributed radiolabeled
effector molecule. The aim of this study was to compare pre-
targeting to a conventionally labeled antibody for tumor target-
ing of the intermediate-lived radionuclide %Cu, which has
shown promise for PET imaging and radioimmunotherapy of
cancer. Methods: DOTA-biotin (where DOTA is 1,4,7,10-tet-
raazacyclododecane-N,N’,N",N"-tetraacetic acid) and the in-
tact immunoconjugate DOTA-NR-LU-10 were labeled to high
specific activities with 84Cu, and the serum stabilities and target
binding capabilities of each agent were assayed in vitro. Nude
mice bearing SW1222 human colorectal carcinoma xenografts
were administered 84Cu-DOTA-biotin, with and without pretreat-
ment with the mAb-streptavidin conjugate NR-LU-10/SA and
the synthetic clearing agent Biotin-GalNAc4s, or injected with
64Cu-DOTA-NR-LU-10. Biodistributions of both agents were
obtained from 5 min to 48 h after injection. Results: Both
64Cu-DOTA-biotin and 84Cu-DOTA-NR-LU-10 were 100% sta-
ble in serum in vitro. 4Cu-DOTA-biotin exhibited >98% specific
binding to immobilized streptavidin, whereas the immunoreac-
tivity of 84Cu-DOTA-NR-LU-10 averaged nearly 80%. Biodistri-
butions in SW1222-bearing mice showed that NR-LU-10/SA-
pretargeted 4Cu-DOTA-biotin attained a peak tumor uptake of
18.9 percentage injected dose per gram (%ID/g) at 1 h, with
concomitant rapid disappearance from blood and renal excre-
tion. In the absence of pretargeting, 84Cu-DOTA-biotin had very
similar biodistribution and clearance properties, except with
extremely low nonspecific tumor uptake. In contrast, %Cu-
DOTA-NR-LU-10 reached 80.3 %ID/g in tumor tissue, after
48 h, whereas blood clearance was considerably slower than
pretargeted 64Cu-DOTA-biotin. Comparison of the time—activity
curves for tumor uptake and blood clearance of pretargeted
64Cu and the 84Cu-labeled antibody revealed that the maximum
tumor accumulations of radioactivity were similar for each
agent, 17.9 percentage injected activity per gram (%IA/g) and
20.7 %IA/g, respectively. However, the tumor-to-blood ratio of
areas under the curves was 14 times higher for pretargeted
64Cu-DOTA-biotin because of the substantial increase in blood
clearance of the small effector molecule. Conclusion: The ex-
tremely rapid tumor uptake and blood clearance of pretargeted
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64Cu-DOTA-biotin should afford markedly superior PET imaging
contrast and therapeutic efficacy, compared with convention-
ally labeled 84Cu-DOTA-NR-LU-10. Further comparison of the
therapeutic efficacy, toxicity, and dosimetry of these 2 agents is
warranted.
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Radiolabeled monoclonal antibodies (mAbs) have
shown considerable promise for tumor imaging and radio-
immunotherapy (RIT) of cancer. However, because of their
slow blood clearance, radiolabeled mAbs generally do not
localize to solid tumors in sufficient quantities to provide
high-contrast imaging or consistent therapeutic efficacy
without significant bone marrow toxicity. Further improve-
ments in targeting solid tumors will likely require imple-
mentation of several innovative approaches, including the
use of new targeting molecules and novel delivery systems.

Antibody pretargeting is an approach in which an unla-
beled mAb-receptor construct is first administered and al-
lowed to accumulate in tumors, and then radionuclide im-
aging or therapy is given in the form of a small effector
molecule that binds rapidly with high affinity to the mAb-
receptor construct at the tumor site. In some cases, an
intermediate clearing step is performed to reduce levels of
the antibody-receptor construct in circulation. When suc-
cessful, this process results in immediate accumulation of
radioactivity in the tumor, causing substantial increases in
tumor-to-blood ratio and tumor absorbed dose. Thus, pre-
targeting combines the desirable properties of high tumor
uptake of antibodies with rapid pharmacokinetics and fast
whole-body clearance of radioactivity of radiolabeled small
molecules.

Severa types of receptor/effector approaches have been
developed for pretargeted RIT, including mAb/hapten (1—
7), biotin/avidin (8—13), and oligonucleotide/antisense oli-
gonuclectide (14,15) systems. The high-affinity noncova-
lent binding of biotin to streptavidin (~210% mol/L ~1) makes
this system attractive for mAb pretargeting methods. A
streptavidin conjugate of the anti-Ep-CAM mAb NR-LU-10
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(NR-LU-10/SA), which binds 4 molecules of radiolabeled
biotin, has been prepared and evaluated in hude mice bear-
ing breast and small cell lung carcinoma xenografts (11,13)
and in patients (16,17) for pretargeted RIT of metastatic
colon cancer. In mouse models, NR-LU-10/SA exhibited
tumor uptake and blood clearance equivalent to unmodified
intact mAb. Treatment with the synthetic clearing agent,
Biotin-GalNAcs, removed 90%—-95% of circulating NR-
LU-10/SA. The effector molecule, €Y-DOTA-biotin (where
DOTA is 1,4,7,10-tetraszacyclododecane-N,N',N”",N"-tetra-
acetic acid), showed rapid disappearance from blood and low
normal organ uptake, with urinary excretion of 90 percentage
injected dose (%ID) in 2 h. In tumor-bearing mice, sequential
administration of these agents resulted in stable, high-effi-
ciency delivery of >20 %ID per gram (%ID/g) of %Y to
tumor, with whole-body excretion and nontarget organ uptake
similar to that of ®Y-DOTA-biotin aone.

84Cu (half-life = 12.7 h; B 655 keV [17.4%]; B~ 573
keV [39%)]) is an attractive radionuclide for PET imaging
and targeted radiotherapy of cancer. 6“Cu-Labeled antibod-
ies (18—20) and peptides (21-23) have shown promise for
tumor targeting in animal models and patients. Compared
with covalently labeled mAbs, pretargeting is an appealing
strategy for delivery of intermediate-lived radionuclides to
tumors. Even antibody fragments take hours to localize to
tumors, during which a significant amount of %Cu will have
decayed. Pretargeting of 6“Cu should allow immediate ac-
cumulation of radioactivity in the tumor, resulting in a
substantial increase in tumor-to-blood ratios and tumor ab-
sorbed dose. The objective of these studies was to compare
the tumor targeting capability of %Cu-DOTA-biotin, after
pretargeting with NR-LU-10/SA, to that of the intact mAb
NR-LU-10, conjugated to DOTA and labeled with %Cu.

MATERIALS AND METHODS

Materials

64Cu was produced by previously published methods (24) on a
Cyclotron Corp. CS-15 cyclotron at Washington University
School of Medicine. DOTA-biotin (25), Biotin-GalNAc (26,27),
and NR-LU-10/SA conjugate (13) were prepared as described. All
solutions were prepared using ultrapure water (18 M{-cm resis-
tivity). Unless otherwise noted, all chemicals were purchased from
Aldrich Chemical Co. Fast protein liquid chromatography (FPLC)
was performed on a Pharmacia FPLC System, using a Superose 12
HR 10/30 column, 20 mmol/L N-(2-hydroxyethyl)piperazine-N’-
(2-ethanesulfonic acid)/150 mmol/L NaCl, pH 7.3, as the mobile
phase, and a flow rate of 0.4 mL/min. Reversed-phase thin-layer
chromatography (TLC) was performed on Whatman MKCygF
plates, using 10% ammonium acetate:methanol (60:40) as the
mobile phase. Radio-TLC detection was accomplished using a
Bioscan System 200 imaging scanner. Radioactive samples were
counted on a Beckman 8000 -y-counter. Outbred female nu/nu
mice (4—6 wk of age) were obtained from Harlan Bioproducts.
Animals were maintained on a biotin-deficient diet (Purina Test
Diet) for 5 d before radiopharmaceutical administration and
throughout the course of biodistribution and excretion studies.

Preparation of ¢4Cu-DOTA-Biotin

Representative conditions for labeling DOTA-biotin with #Cu
at low specific activities are given here. To 102 MBq (2.76 mCi)
of ®Cu in 164 pL of 0.2 mol/L ammonium acetate, pH 5.0,
containing 1 mg/mL gentisic acid, was added 92.0 ng (0.114
pwmol) of DOTA-biotin in 46.0 pL of 0.2 mol/L ammonium
acetate, pH 5.0. The reaction mixture was incubated at 80°C for
1 h, after which TLC showed that ®Cu incorporation was 100%.

In the case of high specific activity labeling, where 8Cu incor-
poration was <95%, the radiolabeled conjugate was purified as
follows. After incubation at 80°C for 1 h, an aliquot of one ninth
of a reaction volume of 10 mmol/L ethylenediaminetetraacetic
acid, pH 5.5, was added, and the reaction mixture was incubated at
room temperature for 5 min. The reaction mixture was then applied
to a C,g SepPak cartridge, which was washed with 6 mL of 0.2
mol/L ammonium acetate, pH 5.0, and eluted with 1 mL of
ethanol. Successive fractions of 100, 300, and 600 pL of ethanol
were collected, and purified $4Cu-DOTA-biotin was obtained in
the second fraction.

Preparation of ¢4Cu-DOTA-NR-LU-10

NR-LU-10 was conjugated with 20 theoretic equivalents of
N-hydroxysulfosuccinimidyl DOTA, according to a method de-
scribed previously (28). Representative conditions for labeling
DOTA-NR-LU-10 with 84Cu are given here. To 169 MBq (4.58
mCi) of 8Cu in 310 L of 0.1 mol/L ammonium citrate, pH 5.5,
was added 1.0 mg of DOTA-NR-LU-10 in 125 pL of 0.1 mol/L
ammonium citrate, pH 5.5. The reaction mixture was incubated at
43°C for 1 h, after which 48.4 pL of 10 mmol/L DTPA, pH 6.0,
was added. The reaction mixture was incubated at room temper-
ature for 15 min, and then the radiolabeled conjugate was purified
using a 3-mL Sephadex G-25-50 spin column, equilibrated with
0.1 mol/L ammonium citrate, pH 6.6 (18,29). The column was
eluted by centrifugation at 2,500 rpm for 4 min in a tabletop
centrifuge. Immunoreactivity of 8“Cu-DOTA-NR-LU-10 was as-
sessed by the method of Lindmo et a. (30).

Serum Stability Studies

To 36.1 MBq (976 w.Ci) of 84Cu-DOTA-biotin was added 500
pL of rat serum (Sigma Chemical Co.). The resulting mixture was
incubated at 37°C for 48 h, and 1.5-pL aliquots were analyzed by
radio-TLC after 0, 0.25, 0.5, 1, 2, 4, 24, and 48 h of incubation to
determine conjugate stability. An aliquot of 6.48 MBq (175 w.Ci)
of #Cu-DOTA-NR-LU-10 was added to 500 p.L of rat serum. This
mixture was incubated at 37°C for 48 h. At 0, 2, 4, 24, and 48 h,
25-pL aliquots of the serum were analyzed by FPLC.

Streptavidin Binding Assay

DOTA-biotin was labeled with $4Cu at specific activities of 962
MBg/pmol (26.0 mCi/pumol) and 24.3 GBg/pmol (657 mCi/
pmol). Aliquots of 200 pL of 4% streptavidin-agarose beads
(Sigma Chemical Co.) were washed twice with 200 pL of phos-
phate-buffered saline (PBS), pH 7.5, and the beads were drained
by centrifugation at 3,800 rpm for 2 min in a tabletop centrifuge.
Then 1.27 MBq (34.3 u.Ci) of 8Cu-DOTA-biotin in 500 pL of
PBS, pH 7.5, was added, and the beads were incubated at room
temperature with continuous end-over-end mixing for 10 min. The
beads and supernatant were separated by centrifugation at 3,800
rpm for 2 min, after which the beads were washed twice with 200
wL of PBS, pH 7.5. The beads were drained by centrifugation at
3,800 rpm for 2 min, and then the beads and combined supernatant
were counted in the y-counter. Streptavidin binding was cal cul ated
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asthe percentage of thetotal radioactivity bound to the SA-agarose
beads after elution.

Biodistribution Studies

All animal experiments were conducted in compliance with
guidelines established by the Washington University Animal Stud-
ies Committee. Athymic nude mice were implanted subcutane-
ously in the hind flank with 5 X 108 SW1222 human colorectal
carcinoma cell suspensions (0.15 mL) with >90% viability. Ra-
diopharmaceuticals were injected intravenously via the tail vein 2
wk after tumor implantation, when tumors had grown to 100—400
mg, with an average size of ~250 mg. For al biodistribution
studies, groups of 5 mice at each time point were randomized, such
that mice in each group carried uniform tumors with the weight
range and approximate mean weight given above.

For pretargeting studies, mice were injected intravenously with
400 pg of NR-LU-10/SA in 100 pL of normal saline. After 22 h,
the mice were administered an intravenous dose of 100 p.g of the
synthetic clearing agent, Biotin-GalNAcys, in 100 pL of normal
saline. Six hours after injection of the clearing agent, the mice
were injected with 2.2 MBq (60 .Ci)/2.0 g of $*Cu-DOTA-biotin
in 100 pL of saline. Biodistributions were obtained at 5 min, 30
min, and 1, 2, 4, 24, and 48 h after injection. Tissues harvested
included blood, lung, liver, spleen, kidney, muscle, fat, heart, bone,
uterus, ovaries, bladder, gallbladder, stomach, small intestine, up-
per large intestine, lower large intestine, and tumor. Tissues were
drained of blood, weighed, and counted in the y-counter with a
standard of the injected dose, such that decay-corrected uptakes
were calculated as the %ID/g of tissue and the %ID per organ
(%I D/organ). Biodistributions of #Cu-DOTA-biotin without pre-
treatment with NR-LU-10/SA and Biotin-GalNA ¢, were obtained
in an identical manner.

Biodistributions of 84Cu-DOTA-NR-LU-10 were obtained at 5
min and 3, 6, 18, 24, and 48 h after intravenous injection of 2.6
MBq (70 pCi)/45.5 pg of the radiolabeled mAb in 100 uL of
saline. The tissues listed above were drained of blood, weighed,
and counted in the y-counter with a standard of the injected dose
to determine the %ID/g and the %l D/organ.

Excretion Studies

Groups of 6 nude mice bearing uniform SW1222 tumors (100—
400 mg; mean weight, ~250 mg) were injected intravenously with
64Cu-DOTA-biotin as described above, with or without pretreat-
ment with NR-LU-10/SA and Biotin-GalNAcys. Immediately after
radiopharmaceutical injection, mice were placed in metabolism
cages. Urine and feces were collected together at 5 min, 30 min,
and 1, 2, 4, 24, and 48 h after injection. Radioactivity was counted
in the y-counter with a standard of the injected dose, and the %ID
for each sample was calculated.

Statistical Analysis

To compare biodistribution differences between NR-LU-10/
SA-pretargeted 4Cu-DOTA-biotin and %*Cu-DOTA-NR-LU-10,
as well as differences in organ uptakes of each agent at various
time points, a Student t test was performed. Differences at the 95%
confidence level (P < 0.05) were considered significant.

RESULTS

64Cu Labeling Studies
64Cu-Labeled DOTA-biotin and DOTA-NR-LU-10 were
both radiolabeled and purified at specific activities suitable
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for both preclinical and clinical studies. DOTA-biotin was
labeled with 64Cu using modifications of a previously re-
ported method (31) for radiometal labeling of DOTA-oct-
reotide conjugates. After incubation with ®Cu acetate at
80°C and pH 5.0, DOTA-biotin could be labeled with 8Cu
at specific activities as high as 74 MBg/ig ([2 mCi/ug]
1,742 Ci/mmol) and purified using a SepPak cartridge, as
described (21). Radiochemical purity of #Cu-DOTA-biotin,
determined by TLC, was 95%-100%. DOTA-NR-LU-10
was labeled with %Cu using modifications of published
procedures (18,28,29). The DOTA-conjugated mAb was
incubated with %4Cu citrate at 43°C and pH 5.5 and purified
by gel-filtration spin column chromatography. #Cu labeling
of DOTA-NR-LU-10 averaged 85.2%, and the average ra-
diochemical purity of the %4Cu-labeled mAb, determined by
FPLC, was 99.5%. Typicaly, DOTA-NR-LU-10 could be
labeled to a maximum specific activity of 403 MBg/mg
([10.9 mCi/mg] 1,635 Ci/mmol). The immunoreactivity of
64Cu-DOTA-NR-LU-10 averaged 78.5%.

Serum Stability Studies

84Cu-Labeled DOTA-biotin and DOTA-NR-LU-10 were
incubated in rat serum for 48 h at 37°C, and aliquots of the
resulting mixtures were analyzed to determine the kinetic
stability of the radiolabeled conjugates. No loss of %Cu
from either bioconjugate was observed during the course of
the studies, and the radiochemical purity of each agent
remained at 100% for 48 h under physiologic conditions.

Streptavidin Binding Assay

84Cu-DOTA-biotin was assayed for streptavidin binding
by mixing the radiolabeled compound with 4% streptavidin-
agarose beads for 10 min at room temperature. After sepa-
rating the supernatant and washing the beads, it was found
that 98.4%-98.8% of 6“Cu-DOTA-biotin bound specifically
to the immobilized streptavidin.

Effect of Specific Activity on Biodistribution of 44Cu-
DOTA-Biotin

The biodistributions of 1.1 MBq (30 wCi) of NR-LU-10/
SA—pretargeted Cu-DOTA-biotin, diluted respectively to
total masses of 0.5, 1.0, 2.0, and 5.0 png with unlabeled
DOTA-biotin, are shown in Figure 1. At 2 h after injection,
no significant differences (P > 0.05) in organ uptakes were
observed at doses of <1.0 wg. However, as the mass of
DOTA-biotin was increased to 2.0-5.0 p.g, significant dif-
ferences (P < 0.05) in target and nontarget organ uptakes
were observed. Tumor uptake of ®Cu-DOTA-biotin de-
creased when the mass of compound was increased from 1.0
to 5.0 wg. Similar decreases in bone, fat, and muscle were
observed when 5.0 g of #Cu-DOTA-biotin was adminis-
tered, compared with 0.5-1.0 png. As expected, the amount
of ®Cu-DOTA-biotin remaining in the blood decreased
significantly (P < 0.05) when the mass was increased from
1.0 to 5.0 pg. At 2 h, the only significant difference in
clearance organ (liver and kidney) uptake was observed in
the kidney at doses between 1.0 and 2.0 g, where rena
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FIGURE 1. Biodistributions of 1.1 MBq (30 n.Ci) of NR-LU-10/

SA-pretargeted 64Cu-DOTA-biotin in SW1222-bearing nude
mice at 2 h (A) and 24 h (B) after injection, administered at doses
of 0.5, 1.0, 2.0, and 5.0 ng of compound.

clearance increased with increasing mass (P = 0.007). At
24 h after injection, significant decreases in tumor (24.6
%ID/g to 13.3 %ID/g; P = 0.002) and bone (0.380 %ID/g
to 0.303 %ID/g; P = 0.006) uptakes were observed as the
mass of DOTA-biotin wasincreased from 0.5t0 5.0 p.g. The
amount of 84Cu activity remaining in the blood at 24 h also
decreased significantly from 0.5-1.0 ug to 2.0-5.0 ng of
DOTA-biotin. The only significant difference in clearance
organ uptake at 24 h was a slight decrease in kidney uptake
between the 1.0- and 5.0-j.g doses (P = 0.03).

Biodistributions of 4Cu-DOTA-Biotin and
64Cu-DOTA-NR-LU-10

The biodistributions of #Cu-DOTA-biotin, with and
without prior administration of NR-LU-10/SA and Biotin-
GalNAc, aregivenin Tables 1 and 2, respectively. In these
experiments, injected doses of 2.0 wg of %Cu-labeled
DOTA-biotin were used to approximate the mass antici-
pated to be used in a pretargeted RIT study in the same
anima model. When pretargeted by NR-LU-10/SA, accu-
mulation of 8Cu-DOTA-bictin in tumor was extremely
rapid and, by 5 min after injection, the tumor-to-blood ratio
had aready reached 1.37. Afterward, tumor uptake in-
creased significantly (P < 0.0055) at time points of 30 min
and later. Peak tumor uptake of pretargeted Cu occurred at
1 h after injection, but this value of 18.9 %ID/g was only
statistically different from the uptakes at 5 min and 48 h.
Therefore, tumor retention of pretargeted “Cu-DOTA-bi-
otin was consistently high throughout the course of the
study. The activity in the blood decreased extremely rapidly
and following 5 min after injection (P < 0.0001). At 5 min,
blood uptake of pretargeted %Cu was 6.53 %ID/g, but this
value decreased to 1.00 %ID/g by 1 h and to 0.28 %ID/g by
48 h. This blood clearance was accompanied by extremely
rapid renal clearance and excretion of the residual radioac-
tivity. Although kidney accumulation was initially 20.8

TABLE 1
Biodistribution (%ID/g + SD) of 2.0 pg of NR-LU-10/SA-Pretargeted 64Cu-DOTA-Biotin in Athymic Nude
Mice Bearing SW1222 Human Colorectal Carcinoma Xenografts

Tissue 5 min 30 min 1h 2h 4h 24 h 48 h
Blood 6.53 = 0.61 1.45=0.19 1.00 = 0.21 0.85+0.16 0.65*0.14 0.45=0.08 0.28 = 0.08
Liver 6.42 + 0.91 533+135 459+114 414*+068 4.06 +£0.72 296 = 0.31 2.14 + 0.40
Spleen 1.84 £ 0.24 0.75 £ 0.14 0.60 = 0.23 0.43 = 0.06 0.50 = 0.13 0.43 = 0.08 0.46 = 0.10
Kidney 20.8 +587 431*049 340+093 266=*042 2.74=0.21 254 +022 213=*0.67
Muscle 171029 065*+022 034=+012 022*+0.06 020=+0.04 0.13x0.02 0.13+0.04
Bone 2.14 = 0.64 1.23 £0.37 0.79 = 0.18 0.34 = 0.02 0.43 £ 0.10 0.22 = 0.08 0.23 = 0.09
Uterus 524 +097 1.80=*048 158*=074 155*x0.97 093=0.07 059=+0.14 0.59 =0.22
Ovaries 3.90+102 143*043 136+035 062=*0.27 064=*+008 031=*0.06 045=*0.25
Stomach 2.05 = 0.31 2.38 + 1.44 1.09 £ 0.29 1.08 £ 0.49 0.67 = 0.20 1.93 £ 0.75 1.12 £ 0.45
Small intestine 212 +030 290=*0.67 1.49+008 1.15x0.32 1.16=0.11 1.02 £0.24 0.72 =0.17
Upper large intestine  2.44 + 0.71 174092 495+206 259*+125 186+040 1.37*x0.32 0.98*0.26
Lower large intestine 2.47 = 1.05 1.11 £ 0.28 1.11 £ 0.43 2.29 = 0.66 6.23 = 0.22 3.35 £ 0.74 2.03 +£0.77
Tumor 892 +164 169383 189*=234 16.6 298 14.9=3.42 16.6 = 4.12  13.3 = 1.81
n = 5 for each time point.
EVALUATION OF PRETARGETED ®Cu « Lewisetal. 1287



TABLE 2
Biodistribution (%ID/g = SD) of 2.0 pg of Nonpretargeted 8Cu-DOTA-Biotin in Athymic Nude Mice Bearing
SW1222 Human Colorectal Carcinoma Xenografts

Tissue 5 min 30 min 1h 2h 4h 24 h 48 h
Blood 7.43 = 1.43 1.14 £ 0.21 0.52 = 0.12 0.24 = 0.08 0.29 = 0.04 0.17 = 0.03 0.17 = 0.08
Liver 416 =088 452 *+1.39 4.76 = 0.81 3.74 = 0.76 4.50 = 0.81 1.85 + 0.37 1.27 £ 0.30
Spleen 1.70 = 0.25 0.50 = 0.07 0.56 = 0.17 0.41 = 0.10 0.46 = 0.10 0.25 = 0.05 0.24 = 0.08
Kidney 19.8 + 3.93 3.64 = 0.32 2.92 = 0.59 2.10 = 0.59 1.79 = 0.32 1.05 + 0.17 0.81 = 0.12
Muscle 2.66 = 0.39 0.66 = 0.18 0.39 = 0.20 0.14 = 0.05 0.16 = 0.03 0.09 = 0.02 0.09 = 0.03
Bone 2.42 £ 0.74 0.45 = 0.05 0.44 £ 0.12 0.34 £ 0.27 0.51 +£0.23 0.18 = 0.05 0.10 = 0.04
Uterus 422 = 1.16 1.25 + 0.30 0.94 = 0.43 0.82 = 0.26 0.78 = 0.28 0.50 = 0.23 0.10 = 0.08
Ovaries 3.51 =0.73 0.84 = 0.43 0.71 = 0.29 0.32 = 0.08 0.39 = 0.06 0.22 = 0.09 0.14 = 0.07
Stomach 1.39 = 0.26 1.28 £ 0.83 2.08 = 0.96 0.92 *= 0.31 0.54 + 0.08 0.81 = 0.67 0.36 = 0.06
Small intestine 226 066 2.16 = 0.55 4.21 = 1.59 1.24 = 0.34 1.54 = 0.30 0.64 = 0.16 0.42 = 0.08
Upper large intestine  2.89 * 1.51 1.72 £ 0.45 2.79 = 1.38 2.10 = 0.37 2.19 = 0.32 1.04 = 0.40 0.51 = 0.12
Lower large intestine 2.06 = 0.90 0.70 = 0.15 0.81 = 0.26 1.95 = 0.07 3.35 £ 0.72 2.25 = 0.37 0.87 = 0.18
Tumor 2.34 = 0.37 0.85 = 0.20 0.75 = 0.14 0.59 = 0.13 0.63 = 0.10 0.56 = 0.07 0.53 = 0.09

n = 5 for each time point.

%ID/g at 5 min, this uptake decreased significantly to 3.40
%ID/g (P = 0.002) by 1 h and to 2.13 %ID/g (P = 0.0007)
by 48 h. Cumulative total urinary and fecal excretion of
64Cu-DOTA-biotin, with and without NR-LU-10/SA pretar-
geting, is presented in Table 3. Throughout the first 4 h of
the study, excretion was nearly identical between the pre-
targeted and nonpretargeted animals. At 24 and 48 h, ex-
cretion in the pretargeted animals was slightly lower than
that in the nonpretargeted group, presumably due to reten-
tion of radioactivity in the tumor. Other tissues that exhib-
ited significant clearance of pretargeted $*Cu-DOTA-biotin
(Table 1) from 5 min to 48 h were bone (P = 0.003), muscle
(P < 0.0001), and small intestine (P = 0.001). Liver clear-
ance of pretargeted ®Cu was slower and less dramatic. It
took 24 h (P = 0.005) to 48 h (P = 0.001) for liver uptakes
of NR-LU-10/SA—pretargeted 6Cu-DOTA-biotin to de-
crease significantly from the value at 5 min.

When #Cu-DOTA-biotin was not pretargeted by NR-
LU-10/SA (Table 2), the biodistribution was very similar to

TABLE 3
Cumulative Excretion (%D + SD) of 2.0 ng of NR-LU-10/
SA-Pretargeted and Nonpretargeted 64Cu-DOTA-Biotin
in Athymic Nude Mice Bearing SW1222 Human
Colorectal Carcinoma Xenografts

Time Pretargeted Nonpretargeted
5 min 0.00 += 0.00 0.00 = 0.00
30 min 41.99 + 3.26 41.56 + 5.06
1h 49.17 = 0.55 49.95 = 7.14
2h 56.91 + 0.07 57.25 + 5.97
4h 60.44 + 0.45 60.87 + 4.67
24 h 70.22 = 0.44 72.46 = 1.12
48 h 78.42 +1.20 80.85 + 0.33

n = 6 for each group.
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that obtained after pretargeting, with the exception of ex-
tremely low nonspecific accumulation of radioactivity in the
tumor. Tumor uptake of nonpretargeted “Cu-DOTA-biotin
decreased from 2.34 %ID/g at 5 min to 0.53 %ID/g at 48 h.
Not only was tumor uptake of nonpretargeted %Cu below
uniform distribution at 5 min after injection but it also was
never >1 %ID/g at any other time point. Throughout the
course of the study, tumor uptake of $*Cu-DOTA-biotin was
significantly lower (P < 0.0001) in the absence of pretar-
geting, compared with NR-LU-10/SA for prelocalization.
From 1 to 24 h after injection, blood clearance of nonpre-
targeted %Cu was faster (P < 0.02) than that when pretar-
geting was used. Between 4 and 48 h, other tissues that
showed faster clearance of nonpretargeted #Cu-DOTA-bi-
otin were kidney (P < 0.04) and small intestine (P < 0.03).

The biodistribution of #Cu-DOTA-NR-LU-10 is shown
in Table 4. In contrast to the pretargeting system, tumor
uptake of the ®Cu-labeled mAb was considerably dower,
taking 24—-48 h to achieve maximum uptake. However,
accumulation of 8Cu-DOTA-NR-LU-10 in the SW1222
xenograft was ultimately much higher, reaching 62.2 %ID/g
at 24 h and 80.3 %I D/g at 48 h after injection. Tumor uptake
of the radiolabeled antibody increased significantly (P <
0.001) from 5 min to 48 h, but the values at 24 and 48 h
were not statistically different. This high tumor uptake was
accompanied by relatively slow disappearance from blood.
Although blood concentrations of #Cu-DOTA-NR-LU-10
decreased significantly (P < 0.0001) at time points later
than 5 min (60.8 %ID/g), 20.4 %ID/g till remained in
circulation at 48 h. After tumor and blood, the next major
organ of uptake for the ®Cu-labeled mAb was the liver.
84Cu activity in the liver diminished significantly at time
points later than 5 min, but this clearance was slow and
modest, decreasing from 10.8 %ID/g at 3 h to 8.99 %ID/g
at 6 h (P = 0.0239). Liver activity did not decrease signif-
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TABLE 4
Biodistribution (%ID/g = SD) of 17.1 g of 4Cu-DOTA-NR-LU-10 in Athymic Nude Mice Bearing SW1222
Human Colorectal Carcinoma Xenografts

Tissue 5 min 3h 6 h 18 h 24 h 48 h
Blood 60.8 = 2.67 40.1 = 4.27 31.0 = 3.43 30.3 = 1.74 25.8 + 3.32 20.4 +1.40
Liver 14.7 = 2.60 10.8 = 0.56 8.99 + 1.15 9.55 = 1.11 9.30 = 1.93 8.39 = 0.65
Spleen 11.1x£215 9.38 = 1.01 6.53 = 1.24 8.08 = 0.70 7.94 = 1.48 8.12 = 0.97
Kidney 10.7 = 1.42 7.30 = 0.48 6.78 = 0.88 8.23 = 0.32 7.40 = 1.63 6.61 = 0.55
Muscle 1.01 = 0.06 1.37 £ 0.36 1.47 = 0.60 1.87 £ 0.24 2.15 + 0.39 1.46 = 0.31
Bone 5.92 + 0.69 4.75 = 0.43 3.45 + 0.62 4.15 = 0.37 411 = 0.91 3.33 £ 0.49
Uterus 4.40 = 0.43 8.67 = 1.16 7.61 =1.99 8.87 = 0.88 7.28 = 0.91 8.08 = 1.72
Ovaries 7.10 = 1.29 6.15 + 1.18 7.22 +1.41 5.73 = 1.42 5.71 = 1.59 4.02 + 0.65
Stomach 1.21 £ 0.71 1.43 £ 0.26 1.26 = 0.47 1.39 £ 0.29 1.45 = 0.28 0.83 = 0.11
Small intestine 1.72 = 0.58 3.44 + 0.58 2.58 = 0.39 2.80 = 0.11 2.81 = 0.51 2.67 + 0.61
Upper large intestine 1.09 = 0.41 2.52 +0.48 1.86 = 0.31 222 = 0.11 2.46 + 0.31 1.97 = 0.50
Lower large intestine 117 £ 0.17 211 £0.23 1.77 = 0.35 2.08 £ 0.24 2.20 £ 0.33 217 = 0.33
Tumor 3.15 = 0.51 18.3 £3.73 20.9 = 6.27 54.6 = 8.95 62.2 = 14.5 80.3 = 20.9
n = 5 for each time point.
icantly again until it reached 8.39 %ID/g at 48 h after DISCUSSION

injection (P = 0.0006 compared with that at 3 h). Similarly,
renal accumulation of 8Cu-DOTA-NR-LU-10 decreased
significantly (P = 0.0112) from 10.7 %ID/g at 5 min. Like
hepatobiliary clearance, kidney clearance was slow and
modest. In fact, renal uptake of the 8Cu-labeled antibody
actually increased significantly (P = 0.0083) from 6.78
%ID/g at 6 hto 8.23 %ID/g at 18 h, after which it decreased
significantly (P = 0.0005) to 6.61 %ID/g at 48 h. Bone
uptake of ®Cu-DOTA-NR-LU-10 decreased significantly
(P = 0.0003) from 5 min to 48 h after injection, but small
(P = 0.048), upper large (P = 0.0251), and lower large
(P = 0.001) intestines showed significant increases in up-
take of 64Cu, consistent with hepatobiliary excretion of the
radiolabeled antibody.

Tumor-to-Blood Ratios of Pretargeted ¢“Cu-DOTA-
Biotin and $4Cu-DOTA-NR-LU-10

The biodistribution data obtained using NR-LU-10/SA—
pretargeted 8*Cu-DOTA-biotin and #Cu-DOTA-NR-LU-10
were used to generate time—activity curves for tumor uptake
and blood clearance of the 2 radiopharmaceuticals. Physical
decay was included, such that uptakes were calculated in
percentage injected activity per gram (%l A/g). The ratio of
the areas under the curves (AUCSs) for tumor versus blood,
shown in Figure 2, was used to estimate the anticipated
therapeutic index of each agent. The tumor AUC for 8Cu-
DOTA-NR-LU-10 was 783 %IlA/g-h, and the blood AUC
was 621 %lA/g-h, giving a tumor-to-blood ratio of only
1.26, due to the slow blood clearance of the radiolabeled
mAb. In contrast, pretargeted ®Cu-DOTA-biotin gave a
tumor AUC of 307 %I A/g-h and a blood AUC of only 17.4
%IA/g-h. The extremely rapid tumor uptake and blood
clearance of pretargeted #Cu-DOTA-biotin afforded a tu-
mor-to-blood ratio of 17.6, avalue 14 times higher than that
of the #Cu-labeled antibody.

One of the goals of these studies was to test the hypoth-
esis that a rapid targeting system, such as antibody pretar-
geting, will alow efficient delivery of intermediate half-life
radionuclides such as 8Cu to tumors in vivo. #Cu-Labeled
antibodies have demonstrated utility for PET in animal
models and in humans (18,19) as well as for RIT in tumor-
bearing rodents (20). However, conventionally labeled
mAbs typically take 1-2 d to reach maximum tumor uptake,
even in mouse models. Although they display more rapid
pharmacokinetic properties, enzymatically generated anti-
body fragments (32) or bioengineered single-chain antibod-
ies (33) require ~24 h to reach maximum tumor-to-blood
ratios in rodents. During these protracted uptake times,
much ®Cu will have decayed in circulation. ®Cu-Labeled
peptides have also shown promise for PET and targeted
radiotherapy in tumor-bearing animals (21,22) and for di-
agnostic imaging of patients (23). Although radiolabeled
peptides accumulate in tumors within a few hours, absolute
tumor uptake of radioactivity is generally considerably less
than that with labeled antibodies. Using an unlabeled mAb-
receptor construct and a radiolabeled effector molecule,
pretargeting combines the desired properties of the high
tumor uptake of antibodies with the rapid tumor targeting
and clearance properties of small molecules, creating the
potential to deliver substantial quantities of %Cu to mouse
tumor xenografts within minutes.

We prepared the radiopharmaceuticals %Cu-DOTA-bi-
otin and %Cu-DOTA-NR-LU-10 and compared their bio-
distribution properties in nude mice bearing SW1222 hu-
man colorectal carcinoma xenografts. Both agents could be
labeled to comparable high specific activities with 8Cu
(59.2-64.8 TBg/mmol [1,600-1,750 Ci/mmol]), sufficient
for both PET and RIT applications. Using the macrocyclic
chelator DOTA, 8Cu could be complexed to both biotin and
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FIGURE 2. Tumor and blood time-activity curves of $4Cu-
DOTA-NR-LU-10 (A) and NR-LU-10/SA-pretargeted 6Cu-
DOTA-biotin (B) in SW1222-bearing nude mice. Note difference
in y-axis scales.

NR-LU-10, and both radiolabeled conjugates were com-
pletely inert to radiometal loss in serum over a 48-h
period at 37°C. Both 8Cu-labeled agents retained antigen
or receptor binding activity in vitro. More than 98% of
64Cu-DOTA-biotin bound specifically to immobilized
streptavidin, and the average immunoreactivity of
64Cu-DOTA-NR-LU-10 was nearly 80% with Ep-CAM—
positive tumor cells, a value approaching the upper limit
for the cell binding assay used.

To assess the potential of #“Cu-DOTA-biotin for pretar-
geted RIT, the biodistribution of this agent was determined
asafunction of the mass of compound injected. Asthe mass
of #Cu-DOTA-biotin was increased from 2.0 to 5.0 pg,
uptakes in tumor, bone, fat, and muscle decreased, while
disappearance from the blood and rena excretion of the
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compound increased. These observations were consistent
with the notion that as the massincreased, the protein-bound
fraction of the radiopharmaceutical in plasma decreased and
the unbound fraction increased, leading to higher urinary
clearance. Furthermore, the decreased tumor uptake at 2.0—
5.0 pg of 84Cu-DOTA-biotin was consistent with the fact
that, under the dose conditions used, ~15 g of the agent
would completely saturate the NR-LU-10/SA conjugate
taken up by a 0.1- to 0.4-g SW1222 xenograft. Therefore,
using #Cu-DOTA-biotin at the highest possible specific
activity may improve its therapeutic efficacy. Subsequent
bi odi stribution studies were performed with 2.0 pg of Cu-
DOTA-biotin, a mass anticipated to be needed to deliver a
therapeutic quantity of %Cu (=74 MBq [=2 mCi]) to
SW1222 tumors in the mouse model.

The rapid blood clearance of NR-LU-10/SA—pretargeted
64Cu-DOTA-biotin was accompanied by concomitant rapid
renal filtration. Nearly half of theinjected dose was excreted
within 1 h. Although urine and feces were collected together
in these studies, it islikely that the vast majority of the dose
was excreted in the urine, on the basis of previous work by
Axworthy et al. (13) using *Y-DOTA-biotin. Although
rena filtration of pretargeted ®Cu-DOTA-biotin was ex-
tremely rapid, approximately 2—2.75 %ID/g was retained in
the kidneys at time points later than 1 h. Similar, albeit
significantly lower, values were obtained when ®Cu-
DOTA-biotin alone was injected, with kidney uptakes rang-
ing from 2.10 %ID/g at 2 h to 0.81 %ID/g at 48 h. Kidney
uptake from 6Cu-DOTA-NR-LU-10 was consistently
higher than that of the pretargeting system at time points
later than 3 h. Previously, Rogers et al. (34) showed that in
the kidney >85% of radioactivity retained from copper
radiopharmaceuticals was converted to low-molecular-
weight metabolites, suggesting that radiocopper-labeled
bioconjugates undergo efficient deposition, degradation,
and retention in renal cell lysosomes.

However, in this study a more surprising result was that
liver uptake of 84Cu from the pretargeting system was
considerably higher than had been observed previously with
NR-LU-10/SA—pretargeted °°Y-DOTA-biotin (13). In the
absence of pretargeting, liver accumulation of 4Cu from the
DOTA-biotin conjugate was comparable with that observed
when NR-LU-10/SA prelocalization was used. The only
significant difference in hepatic accumulation between pre-
targeted and nonpretargeted %Cu occurred at 24 h (P =
0.0008). These findings suggested that liver uptake of %Cu
from DOTA-biotin may be attributable largely to the radio-
pharmaceutical itself and not the pretargeting system per se.
Indeed, Bass et al. (35) demonstrated that Cu dissociated
from macrocyclic chelators in the liver and was transche-
lated by proteins in high concentrations, particularly by
superoxide dismutase, an enzyme with an essential copper
cofactor. This mechanism may account for hepatic retention
of #Cu from DOTA-biotin, which cleared only modestly at
24-48 h dfter injection. Liver uptake of ®Cu from the
radiolabeled mAb was consistently higher than that from
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DOTA-biotin and did not clear significantly until 48 h. It is
likely that the same protein transchelation mechanism was
responsible for liver retention of #Cu from DOTA-NR-LU-
10, with the higher uptakes resulting from the fact that more
of the mAb dose was deposited in the liver.

The biodistribution of NR-LU-10/SA—pretargeted %Cu-
DOTA-biotin revealed that maximum tumor uptake was
achieved by 1 h after injection, compared with 48 h for
64Cu-DOTA-NR-LU-10. These results demonstrated that
the pretargeting system was capable of nearly instantaneous
delivery of ®Cu to SW1222 xenografts. In contrast, 2—4
physical half-lives were required for the %Cu-labeled anti-
body to reach its maximum uptake in tumor tissue. How-
ever, maximum tumor uptake of %*Cu-DOTA-NR-LU-10
was ~4 times higher than that of pretargeted $Cu-DOTA-
biotin. When adjusted for physical decay, the maximum
concentration of radioactivity in SW1222 tumorswasin fact
very similar between the 2 targeting systems. As shown in
Figure 2, tumor uptake of pretargeted Cu peaked at 17.9
%IA/g at 1 h after injection, whereas at 18 h the 5Cu-
labeled mAD delivered 20.7 %I A/g to the tumor. Through-
out the course of the studies, the tumor AUC for 8Cu-
DOTA-NR-LU-10 was ~2.5-fold higher than that of
pretargeted 5Cu-DOTA-biotin. For RIT applications, a
larger tumor dose, in terms of mGy/MBq (rad/mCi) in-
jected, could be delivered using %Cu-DOTA-NR-LU-10,
but the potential benefit of this higher tumor dose would
have to be weighed against the potential toxicities resulting
from the relatively slow clearance of the radiolabeled mAb.

While the absolute tumor uptake of #Cu-DOTA-NR-
LU-10 was considerably higher than that of pretargeted
64Cu-DOTA-biotin, the pretargeting system exhibited much
more rapid disappearance of radioactivity from circulation.
It took between 6 and 18 h for levels of circulating 84Cu-
DOTA-NR-LU-10 (in %ID/qg) to drop below the level of
tumor uptake, whereas the tumor-to-blood ratio of pretar-
geted #*Cu-DOTA-biotin had exceeded 1:1 by 5 min after
injection. In terms of the %ID/g, the maximum tumor-to-
blood ratio of each agent was attained at 48 h, but the value
for pretargeted %Cu (47.5:1) was 12 times higher than that
of the %Cu-labeled mAb (3.94:1). Taking physical decay
into account, the blood AUC of pretargeted 5“Cu-DOTA-
biotin was nearly 36 times lower than that of “Cu-DOTA-
NR-LU-10. The rapid disappearance from the blood of the
pretargeting system has profound implications for improve-
ments in PET imaging contrast as well as efficacy and
toxicity of RIT, compared with the covalently labeled mAb.

Moreover, the rapid biodistribution and clearance prop-
erties of the NR-LU-10/SA pretargeting system resulted in
a considerable improvement in the efficiency of tumor tar-
geting, compared with the conventional RIT agent. At 1 h,
16.7% of the pretargeted %Cu-DOTA-biotin dose remaining
in the animal had aready accumulated in the tumor. By
48 h, nearly 80% of the radioactivity from pretargeted %Cu
had been eliminated, and 32.8% of the remaining dose had
been taken up by the tumor. Assuming minimal excretion of

the 84Cu-labeled antibody over the 48-h period, only 15.4%
of the injected dose ultimately accumulated in the tumor,
with 30.2% of the dose remaining in circulation. Thus, the
pretargeting system, by virtue of its fast clearance and high
tumor uptake, resulted in a >2-fold more efficient delivery
of #Cu to SW1222 tumor xenografts. This increase in
targeting efficiency, coupled with the 14-fold improvement
in tumor-to-blood AUC ratio, may allow substantially
higher therapeutic doses of pretargeted 6“Cu to be adminis-
tered to tumor-bearing mice, with decreased toxicity com-
pared with that of the covalently labeled mAb.

CONCLUSION

In the work presented here, the biodistribution, clearance,
and tumor targeting properties of 2 antibody-based %Cu
radiopharmaceuticals for pretargeted and conventional PET
and RIT applications were compared directly in axenograft-
bearing mouse model of human colorectal cancer. The an-
tibody pretargeting strategy, using NR-LU-10/SA and 84Cu-
DOTA-biotin, displayed more rapid tumor uptake,
substantially faster clearance, and superior tumor-to-normal
tissue ratios. Comparison of the areas under the time—
activity curves for tumor uptake and blood clearance for the
2 targeting systems revealed that accumulation of radioac-
tivity in the tumor was 2.5 times higher for the intact
radioimmunoconjugate %“Cu-DOTA-NR-LU-10, but whole-
body radioactivity exposure from blood was nearly 36 times
lower for the pretargeting system. Thus, pretargeted %Cu-
DOTA-biotin should afford markedly superior PET imaging
contrast and considerably greater efficacy for RIT. How-
ever, the maximum tumor uptake of radioactivity from the
2 targeting systems was similar; therefore, further investi-
gation of the therapeutic efficacy of these 2 agents in
SW1222-bearing mice is warranted.
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