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Abstract

Copper-64-labeled monoclonal antibodies (mAbs) have previously demonstrated unexpectedly effective tumor control in rodent models
of cancer at relatively low tumor-absorbed radiation doses. This property has been associated with delivery platforms resulting in cellular
internalization. The purpose of the present studies was to evaluate the in vitro internalization and in vivo distribution of a two-antibody model
of **Cu radioimmunotherapy (RIT) in the same cell and animal models of cancer. Biodistributions of an internalizing antibody, cBR96, and a
noninternalizing antibody, cT84.66, labeled with 64Cu, were obtained in nude mice bearing LS174T colon carcinoma xenografts from 15 min
to 48 h. The **Cu-DOTA-cBR96 conjugate demonstrated rapid tumor uptake, reaching 20.2% ID/g at 3 h and peaking at 35.4% ID/g by 24 h.
Tumor accumulation of **Cu-DOTA-cT84.66 was more gradual, 8.19% ID/g at 3 h and 43.8% ID/g by 24 h, but maximum uptake was not
statistically different from **Cu-DOTA-cBR96. Mouse xenograft dosimetry was estimated to be 1128 rad/mCi (304.9 mGy/MBq) for **Cu-
DOTA-cBR96 and 1409 rad/mCi (380.5 mGy/MBq) for **Cu-DOTA-cT84.66. In LS174T cells, internalized radioactivity increased by a
factor of 3.8 over 4 h for **Cu-DOTA-cBR96, but remained unchanged **Cu-DOTA-cT84.66. When normalized to uptake at 1 h, cellular
efflux of **Cu was essentially identical for both mAbs. The biodistributions and tumor dosimetry of these internalizing and noninternalizing
radiolabeled mAbs were sufficiently similar for direct comparison of the therapeutic efficacies of low doses of ®*Cu RIT agents in the same
animal model of cancer.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction RIT of solid tumors has been far less effective in producing
lasting remissions or tumor control. The slow plasma
clearance properties of radiolabeled mAbs result in prolonged
exposure of the bone marrow to ionizing radiation, often
resulting in dose-limiting toxicity before therapeutic efficacy
can be achieved. Further advancements in RIT may require
the use of new radionuclides having emission characteristics

that are more appropriate for solid tumor therapy.

Radiolabeled monoclonal antibodies (mAbs) have shown
great promise for radioimmunotherapy (RIT) of cancer.
Radioimmunotherapy has shown considerable efficacy
against B-cell non-Hodgkin’s lymphoma (NHL). However,
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Copper-64 is a cyclotron-produced radionuclide with an
intermediate half-life (7,,=12.7 h) that decays by both
B" (655 keV, 17.4%) and B~ (573 keV, 39.0%) emission,
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making it suitable for labeling mAbs for positron emis-
sion tomography (PET) imaging and RIT of cancer. This
radionuclide offers potential advantages for solid tumors
over *'T and *°Y, used in clinical therapy of NHL. Iodinated
mAbs can undergo dehalogenation, resulting in significant
thyroid accumulation and clinical hypothyroidism [1]. Yttri-
um-90 emits no photon, requiring the surrogate imaging
label '"'In to trace the therapeutic mAb. The 11-mm path
length of the 2.27-MeV B~ of *°Y increases potential bone
marrow toxicity, limiting the total dose that can be delivered.
This toxicity can be exacerbated by unstable chelation, as
yttrium has high affinity for bone [2]. Several experiments
in xenograft-bearing rodent models have demonstrated re-
markable tumor cytotoxicity of internalizing **Cu radio-
pharmaceuticals, at tumor-absorbed doses much lower than
traditionally administered.

Connett et al. [3] reported 82% complete tumor
regressions with histopathologic cure in Golden Syrian
hamsters bearing 200-mg GW39 xenografts treated with
%4Cu-labeled anticolorectal carcinoma mAb 1A3, at a
tumor-absorbed dose of only 586 rad (5860 mGy). The
somatostatin analogue **Cu-TETA-Tyr’-octreotate also pro-
duced complete, but temporary, tumor remissions at low
tumor-absorbed dose in the highly aggressive CA20948 rat
pancreatic tumor model [4]. In vivo distribution studies of
%4Cu-TETA-octreotide demonstrated transchelation of **Cu
to superoxide dismutase (SOD) in the liver of rats [5].
Further experiments to define subcellular localization of the
%Cu from **Cu-TETA-octreotide revealed that the radio-
metal accumulated in the nucleus (19.5%) and mitochondria
(21.1%) of AR42]J rat pancreatic tumor cells in vitro over a
24-h period [6]. There was no evidence that the somatostatin
analogue itself had accumulated in these locations, lending
further support to the likelihood that ®*Cu transchelates to
copper cofactor enzymes, metalloproteins and copper-
handling chaperones. These observations led us to hypoth-
esize that “*Cu-labeled internalizing delivery platforms
cause cell death by mechanisms of copper-related DNA
damage, mitochondrial destruction and disruption of critical
intracellular constituents or processes. However, no study to
date has compared internalizing and noninternalizing **Cu-
labeled mAbs in an experimental RIT trial, in order to
determine whether internalization is the single critical step
in this enhanced cytotoxicity.

We previously reported the development and preliminary
characterization of a two-antibody model for comparison of
4Cu RIT [7]. The first mAb, cBR96, recognizes the Lewis”
ceramide variant reported to be present in multiple human
and veterinary carcinomas [8,9]. Indirect evidence that this
antibody is rapidly internalized after binding was provided
by the fact that ricin A-chain and doxorubicin conjugates of
the intact mAb and a single-chain derivative were cytotoxic
in vitro [9,10]. The second mAb, cT84.66 [11], recognizes
carcinoembryonic antigen (CEA), also present on numerous
human carcinomas [12] and reported in veterinary hepato-
cellular carcinomas, rete testis mucinous adenocarcinomas

and choroid plexus carcinomas [13—15]. Indirect evidence
that this antibody is not internalized after binding was
demonstrated by the fact that a doxorubicin conjugate
showed no cytotoxicity (Shively, J.E., personal communi-
cation). The LS174T nude mouse model was selected for
evaluation of these radioimmunoconjugates, because it
expresses both Lewis” and CEA.

The purpose of the present studies was to characterize the
internalization properties of **Cu-DOTA-cBR96 and **Cu-
DOTA-cT84.66 in vitro, obtain comprehensive in vivo
distributions of both conjugates, and calculate mouse
xenograft dosimetry in preparation for preclinical therapy
studies. Although previous studies suggest that cBR96 is
rapidly internalized and cT84.66 is not, internalization and
retention of ®*Cu conjugated to these mAbs has not been
measured quantitatively in tumor cells. The results of these
studies will allow design of a RIT study to compare the
tumoricidal properties of the internalizing vs. the non-
internalizing **Cu-labeled mAbs directly at relatively low,
normalized tumor-absorbed doses.

2. Materials and methods
2.1. Monoclonal antibodies and labeling

The methods used to prepare the conjugates and perform
quality-control evaluation have been described previously
[7]. Copper-64 was produced on a biomedical cyclotron at
Washington University School of Medicine by previously
published methods [16]. Conjugates were labeled with **Cu
at a specific activity of 10 pCi/ug [17]. Specific activity of
labeling was determined prior to purification, and radio-
chemical purity was determined after purification, by SE-
HPLC, using a Waters Delta 600 (Waters, Milford, MA)
chromatograph equipped with a manual Rheodyne injector,
a Waters 2487 dual wavelength UV detector, a Packard
500TR Flow Scintillation Analyzer (Packard, Downers
Grove, IL) equipped with a GAMMA-C flow cell for
64Cu, a Waters busSAT/IN analog—digital interface, and the
Waters Millennium 32 software package. A Phenomenex
BioSep-SEC-S 3000 (Phenomenex, Torrance, CA) column
(7.8%300 mm, 5 um, 290 A), an isocratic mobile phase of
100 mM NaH,P04/0.05% NaNj;, pH 6.8 and a flow rate of
1.0 ml/min were used.

2.2. Animal model

The biodistribution studies were conducted in compli-
ance with a protocol approved by the Animal Care and Use
Committee of the University of Missouri-Columbia Animal
Care Quality Assurance Office. Outbred female nu/nu mice
(4—6 weeks of age) were obtained from Harlan Sprague
Dawley (Indianapolis, IN). Mice were injected subcutane-
ously with 0.15 ml of Hank’s Balanced Salt Solution
containing 2x10° LS174T (The American Type Culture
Collection, Manassas, VA) human colonic adenocarcinoma
cells in the right prefemoral region via a 23-gauge needle.
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Prior to radioimmunoconjugate administration, tumors were
allowed to grow for 14 days to a mean weight of 189 mg.

2.3. Biodistribution studies

Seven groups of mice (n=5) bearing LS174T human
colon cancer xenografts were injected intravenously via the
tail vein with 10 uCi of either radiolabeled mAb. Groups were
sacrificed at time points of 15 min, 1 h,3 h, 6 h, 18 h, 24 h
and 48 h postinjection. The following tissues were collected,
drained of blood, weighed and counted in a Wallace 1480
Wizard 3" automated gamma counter (Perkin Elmer Life
Sciences, Gaithersburg, MD): blood, lungs, liver, spleen,
kidneys, urinary bladder, muscle, fat, heart, bone, uterus,
ovaries, stomach, small intestine, large intestine, tumor, cra-
nial carcass and caudal carcass. Each sample was counted
with a 1% standard of the injected dose and an empty vial,
such that background- and decay-corrected values were
calculated as percent injected dose per gram of tissue
(% ID/g) and percent injected dose per organ (% ID/organ).

2.4. Tumor dosimetry

Mouse xenograft absorbed doses were calculated as
described previously [18,19] using a modification of the
method of Hui et al. [20], which is based on the dimensions
and masses of organs in a nude mouse of approximately 25 g
body weight. All organs were modeled as ellipsoids, with the
exception of bone and bone marrow. Whole femur was
selected to represent the bone and bone marrow, which were
modeled as concentric cylinders. Radioactivity was assumed
to be uniformly distributed within each of the organs, the
carcass and the tumor. Self-organ tumor-absorbed radiation
energy was determined as the amount of absorbed energy
remaining in the tumor per radioactive decay. Cross-organ
tumor-absorbed radiation energy was determined using the
approximation that the energy of beta particles that escaped
the source organ was deposited in adjacent organs [20]. The
ratios of energy deposited in the tumor from adjacent organs
were assumed to be approximately proportional to the ratios
of the surface areas that overlapped with the tumor. To better
simulate the geometry of a flank xenograft, it was assumed
that the tumor was a sphere, with half the volume in contact
with the remainder of body and half, covered with 0.5 mm of
skin, protruding above the surface.

The Monte Carlo radiation transport code MCNP-4C [21]
was used to obtain absorbed fractions for monoenergetic 3~
and " particles. MCNP-4C was run in photon electron mode,
in order to track both beta particles and bremsstrahlung
radiation produced by the particles. To calculate absorbed
fractions for the polyenergetic p~ and p* spectra of **Cu,
absorbed fractions were first determined at 51 energies from
0.025 to 2.5 MeV. Beta spectra were then calculated using the
NUCDECAY code [22], and these monoenergetic responses
were numerically integrated over the ®*Cu spectra. An S value
was calculated for an average tumor weight of 200 mg,
assuming radioactivity to be uniformly distributed within a
sphere of unit density. This approach assumes that tumors of

similar size in different animals have similar uptake
characteristics, and the resulting absorbed dose is an average
of that absorbed by each tumor.

2.5. Cell uptake and internalization studies

The methods for cell uptake and internalization were
based on previously described techniques [23]. Six aliquots
of 2x10° LS174T cells/ml, suspended in 15 ml of serum-free
Eagle Minimum Essential Medium containing 5% CO,
(Invitrogen, Carlsbad, CA), were incubated in an orbital
shaking water bath at 37 °C. To each was added 0.2 pCi/ml of
either ®*Cu-labeled DOTA-cBR96 or DOTA-cT84.66 (three
vials each). After 1 min, 5 min, 15 min, 30 min, 1 h, 2 h and
4 h of incubation, 200-uL aliquots were removed and
centrifuged at 10000 rpm for 1 min, after which the cell
pellets and supernatants were separated. Using modifications
of a previously described procedure [24], cells were
resuspended in 500 pL of medium containing 0.2 U
of glycosylphosphatidylinositol (GPI)-specific phospho-
lipase C (Sigma, St. Louis, MO) for 90 min at 37 °C. These
suspensions were centrifuged again, to separate the super-
natants and cell pellets, which were treated with 1 ml of cold
0.5 M NaCl/0.1 M acetic acid to remove any additional
surface-bound radioactivity. Radioactivity in each sample
(supernatant, low pH fraction, phospholipase C fraction and
cell pellet) was counted in the gamma counter. Internalization
was calculated by dividing the pellet-associated radioactivity
by the total radioactivity. Cell viability, as determined by
trypan blue exclusion and hemacytometry, was >90% after
4 h of incubation.

2.6. Cell efflux studies

Six 5-ml suspensions of 2x10° LS174T cells/ml were
incubated with either **Cu-DOTA-cBR96 or “*Cu-DOTA-
cT84.66, as described above for the uptake and internaliza-
tion studies, for 1 h. The supernatant was removed, and the
cells were washed with fresh medium and resuspended in
the original volume. After 1 min, 5 min, 15 min, 30 min, 1 h,
2 h and 4 h following resuspension in fresh medium, 200-pL
aliquots were removed and centrifuged at 10000 rpm for
1 min. Cell pellets and supernatants were separated and
counted for each time point. Efflux was calculated by
dividing the radioactivity in the cell pellet by the total
radioactivity. Efflux values were then normalized to the cell
uptake of each **Cu-labeled mAbD at 1 h. Following the 4-h
efflux period, cell viability was measured by trypan blue
exclusion and hemacytometry and found to be >90%.

2.7. Statistical analysis

Biodistributions of tissue radioactivity, in % ID/g at each
time point, were evaluated using a one-way analysis of
variance (ANOVA). If a difference among groups was
detected, a Tukey’s test was performed. If groups failed an
equal variance test, an ANOVA on ranks was performed with a
subsequent Dunn’s test if a difference was detected. Differ-
ences were considered significant at the 95% confidence level
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Table 1

Biodistributions (7=5) of **Cu-DOTA-cBR96 in nude mice bearing LS174T tumors expressed in % ID/g+S.E.M.

Tissue 15 min 3h 6h 18 h 24 h 48 h
Blood 66.9+3.59 27.0£2.69 26.5+1.58 21.6+1.47 16.0+3.32 12.0£1.70
Lung 25.0+1.67 10.2£0.60 8.88+0.68 8.17+1.45 5.81+0.48 5.794+0.81
Liver 16.0+£2.19 12.9x1.76 9.36+0.99 6.55+0.58 8.54+2.63 6.54+0.95
Spleen 11.740.68 10.5£1.40 5.48+0.88 5.194+0.70 9.05+3.58 4.21£0.60
Kidney 13.1+£0.78 10.8+0.90 9.04+0.45 5.43+0.78 4.47+1.04 4.86+0.60
Bladder 1.454+0.17 2.41+0.37 3.25+0.40 3.86+0.45 6.05+1.10 3.93+0.80
Muscle 0.65+0.13 1.05+0.12 1.61+0.11 2.10+0.38 1.76+0.34 1.27+0.23
Fat 1.78+0.46 1.70+0.46 4.27+0.40 2.09+0.22 2.28+0.42 1.62+0.14
Heart 10.8+1.14 8.94+0.69 7.47+0.17 4.37+0.51 5.00+0.44 3.52+0.53
Bone 5.174+0.25 4.83+0.74 3.75+0.56 3.58+0.39 4.50+1.21 1.804+0.23
Uterus 2.97+0.58 4.434+0.98 6.56+1.24 10.4+0.90 13.2+1.45 9.24+1.17
Stomach 0.92+0.30 1.98+0.08 2.984+0.66 2.14+0.12 3.11£0.19 1.63+0.36
Small intestine 2.60+0.33 6.17+0.76 6.13+1.19 5.04+0.73 10.4+1.61 4.25+0.72
Large intestine 1.164+0.12 1.98+0.26 3.584+0.28 4.231+0.54 5.27+0.31 3.904+0.79
Tumor 6.43+0.91 20.2+0.56 242+1.92 26.4+1.96 35.4+4.46 33.2+3.17

(P<.05). For the biodistribution data in which multiple
dependent categories were examined, a Bonferroni adjustment
was performed, in which the confidence interval is divided by
the number of categorical variables, in this case dividing 0.05
by 16. This was necessary to account for the evaluation of
multiple dependent variables that are interrelated. The level of
significance was then set at P<.003. All analyses were
performed using a commercial statistical software package
(SPSS, Chicago, IL).

3. Results
3.1. Biodistributions

The biodistributions of **Cu-labeled DOTA-cBR96 and
DOTA-cT84.66 are presented in Tables 1 and 2, respec-
tively. The in vivo distributions of the two conjugates were
very similar at all time points. Blood clearance, tumor
uptake and clearance organ activity were comparable for
both mAbs. Statistically significant differences were
detected at only a few time points in 8 of 16 tissues. Tumor
accumulation of **Cu-DOTA-cBR96 was significantly more

rapid, reaching 20.2% ID/g at 3 h compared to 8.12% ID/g
for ®*Cu-DOTA-cT84.66 (P<.002). The **Cu-DOTA-
cT84.66 conjugate demonstrated higher reticuloendothelial
clearance. For example, the liver uptake of **Cu-DOTA-
cT84.66 was significantly higher at 18 h, rising to 17.1%
ID/g compared to 6.55% ID/g for ®*Cu-DOTA-cBR96
(P<.001). Similarly, the spleen uptake of **Cu-DOTA-
cT84.66 was 27.4% ID/g at 18 h and 10.6% ID/g at 48 h,
significantly higher than 5.19 and 4.01% ID/g for ®**Cu-
DOTA-cBR96 at the same time points (P<.001, .003,
respectively). The ®*Cu-DOTA-cBR96 conjugate demon-
strated slower blood clearance with increased activity at
15 min, 6 h and 18 h (P=.002, .002 and <.001,
respectively). This mAb also exhibited significantly higher
kidney uptake, reaching 10.8% ID/g and 9.04% ID/g at 3 and
6 hvs. 6.22% ID/g and 5.56% ID/g for **Cu-DOTA-cT84.66
(P=.002, <.001, respectively).

3.2. Tumor dosimetry

The general Monte Carlo N-Particle Transport Code
MCNP-4C was used to estimate mouse xenograft dosimetry

Table 2

Biodistributions (n=>5) of **Cu-DOTA-cT84.66 in nude mice bearing LS174T tumors expressed in % ID/g+S.E.M.

Tissue 15 min 3h 6h 18 h 24 h 48 h
Blood 34.9+3.64 25.2+2.69 13.9+0.95 6.17+1.83 12.7+4.48 3.63+£1.05
Lung 14.6+1.47 9.50+0.58 7.88+1.28 4.38+0.45 9.09+0.86 4.08+0.32
Liver 12.1+1.55 11.7+1.14 15.9+1.37 17.1£1.02 12.4+0.77 15.6+£1.76
Spleen 10.6+£1.72 6.92+0.77 16.4+1.79 27.4+1.75 6.84+0.38 10.6+£1.20
Kidney 6.83+0.88 6.2240.48 5.56+0.33 42140.27 4.44+0.51 3.25+0.20
Bladder 1.52+0.26 2.51£0.50 2.93+0.47 2.96+0.32 5.82+0.56 2.62+0.41
Muscle 0.96+0.11 1.20£0.13 1.38+0.15 0.92+0.07 1.48+0.15 0.85+0.06
Fat 3.67+0.70 2.41+0.22 2.32+0.34 0.83+0.10 2.16+0.13 1.25+0.33
Heart 7.8840.82 7.47+0.53 5.67+0.40 3.48+0.54 4.98+0.14 2.73+0.08
Bone 4.45+0.36 3.18+0.20 6.33+0.92 8.39+0.36 2.50+0.14 2.20+0.14
Uterus 2.3240.63 4.94+0.41 7.14£0.71 5.16£1.17 12.5+1.12 9.10+1.83
Ovaries 6.74%0.96 5.22+0.70 5.83+0.31 6.25+1.41 5.70+0.67 2.70+0.30
Stomach 0.56+0.26 1.86+0.20 2.06+0.19 1.24+0.20 1.63+0.34 1.05+0.08
Small Intestine 2.01+0.24 3.39+0.50 4.87+0.59 5.16+0.09 3.29+0.96 3.35+0.58
Large Intestine 0.77+0.09 1.74£0.05 2.28+0.05 2.68+0.27 2.30+0.27 2.93+0.06
Tumor 2.94+0.31 8.19+0.33 18.8+1.92 16.6+1.72 43.8+5.63 32.5+391
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for **Cu-labeled DOTA-cBR96 and DOTA-cT84.66. The
tumor-absorbed dose for a mean tumor mass of 200 mg
was calculated to be 1128 rad/mCi (304.9 mGy/MBq) for
4Cu-DOTA-cBRY6 and 1408 rad/mCi (380.5 mGy/MBq) for
%4Cu-DOTA-cT84.66. The results of these calculations
indicated that self-dose contributed to 99.8—99.9% of the
tumor-absorbed dose for each ®*Cu-labeled mAb, with the
remaining 0.1-0.2% representing cross-organ doses from
blood, muscle, fat and remainder of the body.

3.3. Cell uptake and internalization

Maximal uptake of **Cu-DOTA-cBR96 in LS174T cells
occurred at 30 min, reaching 5.18% of the total radioactivity
added to the suspension. At 1 h, cell uptake of the cBR96
conjugate was similar at 4.59% of the total ®*Cu, and at 4 h,
cell uptake was 3.65%. In contrast, maximal uptake for
%4Cu-DOTA-cT84.66 apparently was not reached after 4 h of
incubation, as it continued to rise at that time to 41.6% of
total radioactivity from a value of 23.1% at 1 h. Because
of the difference in uptake profiles between the two
%4Cu-labeled mAbs, internalized radioactivity was calculat-
ed as the percentage of cell-associated radioactivity,
normalized to the 1-min time point (Fig. 1). The cBR96
conjugate displayed substantial internalization of ®*Cu,
doubling by 15 min and tripling by 4 h of incubation,
following removal of surface-bound radioactivity with GPI-
specific phospholipase C and a high-salt, low-pH buffer.
After cleavage of CEA-bound **Cu-DOTA-cT84.66 with
GPI-specific phospholipase C and washing with a high-salt,
low-pH solution, the percentage of internalized radioactivity
from ®*Cu-DOTA-cT84.66 remained essentially static over
4 h of incubation.

450 - —8— Cu-64-DOTA-cBR96
g 1 —0— Cu-64-DOTA-cT84.66
— 4004
=
= ]
T 350
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Té i}
£ 3004
] .
=
= 250
o
\? e
=
3 200+
< .
N 1504
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s ] I
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Fig. 1. Internalization of **Cu from DOTA-cBR96 and DOTA-cT84.66 in
LS174T cells in suspension at 37°C and 5% CO,. Values (mean+S.D.) are
expressed as the percentages of cell-associated radioactivity normalized to
the cell uptakes at 1 min.

110 —#— Cu-64-DOTA-cBRY6
100 ——Cu-64-DOTA-cT84.66

Normalized Cell-Associated Cu-64 (%)

L e ——

— —
120 240
Time (min)

Fig. 2. Efflux of ®*Cu from LS174T cells in suspension, following 1-h
incubations with **Cu-labeled DOTA-cBR96 and DOTA-cT84.66 at 37°C
and 5% CO,. Values (mean+S.D.) are expressed as percentages normalized
to the cell uptakes at 1 h.

3.4. Cell efflux

Cellular efflux of ®*Cu, following a 1-h “pulse-chase”
incubation, is presented for each mAb in Fig. 2. Despite the
differences in cell-uptake kinetics between the two mAbs,
the data were normalized to cell-associated radioactivity
after 1 h of incubation, for purposes of maintaining cell
viability over the course of the subsequent 4-h efflux study.
Over the 4-h period, 46.2% of the activity remained
associated with the cell pellet following uptake of **Cu-
DOTA-cBR96. Similarly, 50.0% of the activity remained
associated with the cell pellet after incubation with **Cu-
DOTA-cT84.66. Efflux curves were quantitatively similar
for both mAbs, with the percentage of **Cu retained nearly
identical at all time points.

4. Discussion

The biodistributions of **Cu-labeled DOTA-cBR96 and
DOTA-cT84.66 were sufficiently similar for purposes of
comparison in RIT studies. However, some notable differ-
ences in blood and reticuloendothelial clearance, as well as
tumor uptake, of the **Cu-labeled antibodies were observed.
In a study of humans receiving ®’Cu-labeled monoclonal
antibodies, low-level transchelation to the plasma protein
ceruloplasmin was shown to occur in all patients [25].
Binding to this major serum protein resulted in alteration of
the blood—activity disappearance curve. Similarly, in this
study, accumulation of ceruloplasmin-bound ®*Cu from
DOTA-cBR96 could account for a portion of increased blood
levels and liver uptake. The most likely explanation for the
faster blood clearance and higher liver uptake of ®*Cu-
DOTA-cT84.66 is that CEA is shed continuously into
circulation by tumor cells and subsequently cleared by
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receptor-mediated endocytosis in the liver [26]. In vivo
experiments in rats demonstrated that **Cu was incorporated
into superoxide dismutase (SOD) in the hepatocytes of rats
administered **Cu-labeled somatostatin analogues [5]. In the
case of ®*Cu-DOTA-cT84.66, increased transchelation of
%4Cu to intracytoplasmic proteins such as SOD could enhance
hepatic accumulation compared to **Cu-DOTA-cBR96.

The more rapid blood clearance of **Cu-DOTA-cT84.66,
as compared to “*Cu-DOTA-cBRY6, could also be explained
by enhanced hepatic uptake. Circulating CEA in tumor-
bearing mice could serve as an immediate sink for the
mADb and result in more rapid localization of immune
complexes to the liver. As the binding affinity of ¢T84.66
for CEA is extremely high (1.16x10"" M™") [27], hepatic
uptake may occur very rapidly after injection. In the present
studies, liver radioactivity increased more rapidly for
%4Cu-DOTA-cT84.66 than for **Cu-DOTA-cBRY6 at early
time points. Although this is a notable trend, after
application of the Bonferroni adjustment, it did not reach
statistical significance at any time point except 18 h.

The observation of decreased blood clearance also raises
the question of whether **Cu-DOTA-cBR96 exhibits
binding to the vascular endothelium in mice. We have
obtained preliminary evidence of this property by high-
resolution PET imaging in LS174T-bearing nude mice,
which will be reported in the future. While the cBR96
conjugate exhibited a lower tumor-to-blood ratio, the
cT84.66 conjugate showed a lower tumor-to-liver ratio.
These results suggest that potential bone marrow toxicity
resulting from blood irradiation by the anti-Lewis” mAb
may be offset by cross-organ bremsstrahlung irradiation
from liver accumulation of the anti-CEA mAb. Both of
these factors are important considerations for clinical RIT.
Differences in blood, liver and spleen uptakes between the
two ®*Cu-labeled mAbs may be important contributors to
dose-limiting toxicity, and these differences have also been
confirmed by high-resolution PET imaging.

Tumor uptake increased earlier for **Cu-DOTA-cBR96
than for ®*Cu-DOTA-cT84.66. A possible explanation for the
earlier tumor uptake of **Cu-labeled cBR96 is the lack of
circulating antigen. As Lewis” is not shed from tumors, there
is no antigen in the blood for **Cu-DOTA-cBRY6 to bind,
potentially allowing for faster accumulation in the tumor. An
alternative possibility is that the internalization of bound
4Cu-labeled ¢cBR96 results in recycling of the Lewis”
antigen, creating a cell surface “target” gradient that drives
more rapid tumor uptake. These possible mechanisms may
contribute to more favorable delivery of an intermediate-
lived radionuclide like ®*Cu, as it localizes more radioactivity
to the tumor before it has decayed. However, earlier tumor
uptake of **Cu-DOTA-cBR96 was not entirely unexpected,
given that the affinity constant of ¢cBR96 for the Lewis”
antigen is 10’ M~ [9], four orders of magnitude below the
affinity constant of cT84.66. The higher affinity of cT84.66
may contribute to an antigen “binding site barrier” that
decreases tumor penetration. PET imaging showed that

xenograft uptake was heterogeneous for both mAbs, but
%4Cu-DOTA-cT84.66 appeared to have greater accumulation
in the vascular periphery of the tumor in LS174T-bearing
mice. These results will be reported in the future.

While significantly greater tumor accumulation of **Cu
occurred for cBR96 at 3 h, there were no significant
differences in tumor uptake between the two mAbs at later
time points. Moreover, the very similar tumor uptakes of
this two-antibody model in LS174T-bearing nude mice
resulted in comparable tumor-absorbed radiation doses.
Despite differences in affinity, mechanisms of antigen-
mediated uptake and initial rate of tumor accretion, the
LS174T xenograft absorbed dose was only 20% lower for
%*Cu-DOTA-cBR96 than for ®*Cu-DOTA-cT84.66. This
latter finding will enable us to test the hypothesis that
cellular internalization is the single critical step for enhanced
tumor cytotoxicity of **Cu, by performing RIT studies in the
LS174T mouse model at normalized tumor-absorbed doses
considered to be subtherapeutic.

In vitro experiments demonstrated the rapid LS174T cell
uptake of both ®*Cu-DOTA-cBR96 and °*Cu-DOTA-
cT84.66. However, the much greater affinity constant of
cT84.66 apparently allowed a far larger percentage of the
%Cu-DOTA conjugate to associate with its cell surface
antigen in vitro over the 4-h experimental period. This finding
rendered direct comparison of in vitro uptake between the
two mAbs likely to be of little value. However, by 1 h, cellular
uptake of both ®*Cu-labeled mAbs was sufficient to allow
normalized comparison of internalization and efflux.

Evidence of cellular internalization of mAb cBR96 was
previously inferred from the in vitro cytotoxicity of the ricin
A-chain BR96 conjugate [9]. Evidence for lack of internal-
ization of ¢T84.66 was previously inferred from the lack of in
vitro cytotoxicity of a doxorubicin conjugate (Shively, J.E.,
personal communication). Although these are indirect
methods of evaluating internalization, they do not allow
quantitative measurement of the percentage of antibody or
cytotoxic payload internalized. The in vitro studies presented
here quantified the percentage of ®*Cu internalized in
LS174T cells when conjugated to cBR96, under conditions
of antigen excess.

The internalization curve of **Cu-DOTA-cBR96 showed
a clear upward trend, with more than a tripling of internalized
radioactivity after 4 h. This observation confirmed the
internalizing property of ®*Cu-DOTA-cBR96. The mAb
cT84.66 would not be expected to internalize, binding to a
GPI-linked cell surface glycoprotein. During the internaliza-
tion studies, the relative proportion of cell-associated **Cu
from DOTA-cT84.66 remained constant from the first time
point to 4 h. This is most consistent with a constant proportion
of GPI-specific phospholipase C cleavage of **Cu-DOTA-
cT84.66—-CEA complexes bound to the cell surface.

The in vitro cellular efflux of ®*Cu was essentially
identical for the two mAbs. This was a surprising result, as
internalization would be expected to cause residualization of
the radioactivity within the cells, e.g., by transchelation to
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intracellular proteins like SOD. The decline in cell-associated
activity can be explained in several ways. First, **Cu-DOTA-
c¢BR96 may dissociate from the Lewis’ antigen prior to
internalization [9], depositing radioactivity back into the
supernatant. Similarly, CEA is spontaneously shed from the
cell surface and may release bound **Cu-DOTA-cT84.66 in
the supernatant. Second, internalized, macrocyclic-bound
%4Cu has been demonstrated to transchelate to other copper-
containing biomolecules [5]. This could lead to active efflux
by membrane associated chaperones such as the copper
transporter family (Ctrl), Cu'-ATPase, or even cMOAT
[28—30]. As cT84.66 is not internalized, active efflux of **Cu
would not be expected to occur.

Differences in tumor internalization and efflux between
the two mAbs may have important implications for **Cu
radiation dosimetry. Copper-64 decays by electron cap-
ture (1.68 MeV, 40.5%) emitting an average of 2 Auger/
conversion electrons per decay. Therefore, substantial
localization of ®*Cu within the nucleus [6] or in close
proximity would be expected to enhance tumor cell killing,
as would high uptake in mitochondria [6], potentially
causing mitochondrial DNA damage and respiratory cell
death. Conversely, accumulation of **Cu in lysosomes would
be expected to lessen intracellular dosimetry by abrogating
the biological damage of high linear energy transfer Auger/
conversion electrons to nuclear and mitochondrial DNA.
Yet when all emissions (B, &, Auger/conversion electrons,
X-rays, +y rays) are taken into account, internalizing **Cu-
labeled radiopharmaceuticals have demonstrated remarkable
therapeutic efficacy at tumor-absorbed doses far lower than
generally considered tumoricidal [3,4,31].

The observed lack of residualization of ®*Cu from
DOTA-cBR96 is disquieting, as it may represent loss of
the enhanced cytotoxicity potentially attributable to intra-
cellular ®*Cu. However, the biodistribution results obtained
here appeared to show a “steady state” of **Cu uptake from
the cBR96 mAb in the tumor at longer time points. A major
efflux of ®*Cu from DOTA-cBR96 in the tumor did not
appear to take place in vivo. Therefore, caution should be
exercised in making direct comparisons between the in vitro
internalization and efflux properties of these two mAbs and
their in vivo behavior in tumor-bearing mice. Comparative
RIT studies in LS174T-bearing nude mice, using °*Cu-
labeled cBR96 and cT84.66, are being performed to
investigate whether a cellular efflux phenomenon has
consequences in vivo. The results of these studies will be
reported in the future.

5. Conclusions

The studies reported here confirm the suitability of this
two-antibody model for direct comparison of ®*Cu RIT.
Previous experiments in rodent models of cancer have
demonstrated a remarkable ability of internalizing **Cu-
labeled monoclonal antibodies and peptides to cause
complete tumor remissions at tumor radiation absorbed

doses far below those generally considered to be therapeu-
tic. Radioimmunotherapy studies of ®*Cu-DOTA-cBR96
and **Cu-DOTA-cT84.66 will compare the efficacies of
these radioimmunoconjugates administered at relatively low
and normalized tumor doses. The similar biodistributions
and tumor dosimetry of this two-antibody model limit the
variables in the study to the internalizing delivery of **Cu.
This RIT experiment is designed to demonstrate whether
internalization is the sole property of a delivery platform or
a tumor cell target necessary to cause enhanced tumor
cytotoxicity at doses of **Cu radiation traditionally consid-
ered to be subtherapeutic. Previous examination of its
subcellular localization both in vitro [6] and in vivo [5] has
suggested that ®*Cu dissociates from the bioconjugate
chelate and localizes to intracellular compartments, poten-
tially eliciting mechanisms of cytotoxicity in addition to
classical ionizing radiation damage. The results of **Cu-
labeled DOTA-cBR96 and DOTA-cT84.66 RIT studies will
help to elucidate what internalizing and residualizing
properties of ®*Cu radiotherapeutics hold promise for future
preclinical and clinical applications.
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