Preparation, Biodistribution and Dosimetry of
Copper-64-Labeled Anti-Colorectal Carcinoma
Monoclonal Antibody Fragments 1A3-F(ab’),

Carolyn J. Anderson, Sally W. Schwarz, Judith M. Connett, P. Duffy Cutler, Li Wu Guo, Carl J. Germain,
Gordon W. Philpott, Kurt R. Zinn, Douglas P. Greiner, Claude F. Meares and Michael J. Welch

Mallinckrodt Institute of Radiology and Department of Surgery, Washington University School of Medicine, St. Louis,
Missouri; University of Missouri Research Reactor, Columbia, Missouri; and Department of Chemistry, University of

California, Davis, Davis, California

Antibody fragments labeled with a radiometal using bifunctional
chelates generally undergo renal clearance followed by trapping
of the metabolites, leading to high radiation doses to the kidneys.
Copper-64-labeled BAT-2IT-1A3-F(ab’), was recently reported
to accumulate in colorectal tumors in an animal model, however,
kidney uptake was also high. In this study, the preparation of
€4Cu-BAT-2IT-1A3-F(ab’), was optimized to reduce the renal
uptake. Methods: The bifunctional chelate 6-bromoacetamido-
benzyl-1,4,8,11-tetraazacyclotetradecane-N,N',N”,N'"-tetraacetic
acid (BAT) was conjugated to 1A3-F(ab’), using the linking
agent 2-imincthiolane (2IT). The conjugation reaction produced
20% of a lower molecular weight (molecular wieght) impurity
found to be TETA-1A3-Fab’. The conjugation procedure was
optimized to inciude FPLC purification of the BAT-2IT-1A3-
F(ab’), from TETA-1A3-Fab’ after conjugation prior to labeling
with 4Cu. The biodistribution of #Cu-labeled FPLC-purified and
unpurified conjugates was determined in normal Sprague-Daw-
ley rats and tumor-bearing Golden Syrian hamsters. Human
absorbed doses were calculated from rat biodistribution data and
PET imaging of a baboon. Resuits: Upon FPLC purification of
the BAT-2IT-1A3-F(ab’),, the immunoreactivity of ®*Cu-labeled
1A3-F(ab’), was significantly improved over that of non-FPLC-
purified ®4Cu-BAT-2IT-1A3-F(ab’),, and the kidney uptake was
decreased in nomal rats. The biodistribution in hamsters
showed some improvement in both tumor uptake and kidney
clearance with FPLC-purified ®*Cu-BAT-2IT-1A3-F(ab’),.
Conclusion: The improved dosimetry of ®“Cu-abeled FPLC
purified BAT-2(T-1A3-F(ab’), should more readily allow this
agent to be investigated clinically to image colorectal cancer
using PET.
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Antibodies labeled with longer-lived, positron-emitting
isotopes such as 3°Zr (T,/, = 78.4 hr), "®Br (Ty/, = 16.1 hr),
121 (T,, = 4.15 days) and %Cu (T,, = 12.8 hr) have
advantages over traditionally labeled antibodies due to the
improved sensitivity of PET. The anticolorectal carcinoma
monoclonal antibody (MAD) 1A3 labeled with the positron-
emitting isotope **Cu was found to be a better agent for
detecting small metastases than ''In-labeled MADb 1A3 (1).
Due to the relatively short half-life of Cu (12.8 hr), imag-
ing is performed at 22-24 hr postinjection. In several cases,
small metastases (<1.5 cm) were detected with %Cu-la-
beled 1A3 and PET, however, due to the long biological
half-life of intact MAbs, the high blood-pool activity re-
maining at that time presents a problem for image contrast.
Along with the disadvantage of a long biological half-life,
intact antibodies labeled with radiometals are cleared
through the liver and the radiometal is often residualized,
making the detection of hepatic metastases difficult. A
third disadvantage of the clinical use of radiolabeled intact
murine MADbs is the HAMA response. Approximately 50%
of people in the #Cu-labeled 1A3 clinical study developed
HAMA (2). MAD F(ab'), fragments have a shorter biolog-
ical half-life (T,, = 12-15 hr), are cleared through both the
liver and kidney, and since they do not contain the Fc
portion of the MAb, the HAMA formation may be less
than with intact MADbs (3).

Indium-111-labeled F(ab’), fragments have been investi-
gated in both animal models (4-9) and in clinical trials
(10-12). In tumor-bearing nude mice injected with 'In-
DTPA-conjugated F(ab'), fragments, the blood clearance
was relatively rapid compared to radiolabeled intact
MAbs, however, the kidney uptake was high (4,6,7). In a
clinical study of 'In-labeled anti-CEA MAb BW431/31
(8), the kidney was the primary critical organ, with an
estimated human absorbed dose of 2.27 mGy MBq~’,
which was nearly three times higher than the secondary
criticall organ (testes) with an absorbed dose of 0.8 mGy

The F(ab’), fragment of MAb 1A3 has been conjugated
to the bifunctional chelate 6-bromoacetamidobenzyl-1,4,8,
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11-tetraazacyclotetradecane-N,N’,N",N'"-tetraacetic acid
(Br-benzylacetamido-TETA or BAT) and labeled with
%4Cu. Biodistribution in normal Sprague-Dawley rats and
tumor-bearing hamsters was performed (13). The tumor
uptake of ¥Cu-BAT-2IT-1A3-F(ab’), was similar to that of
%Cu-BAT-2IT-1A3, twice as great as '%I-1A3-F(ab’), and
over three times greater than that of !'In-labeled 1A3-
F(ab'),; however, the radiation dose to the kidney was
high, precluding a clinical investigation. We hypothesized
that a lower molecular weight impurity present in the %Cu-
labeled 1A3-F(ab’), may have been partially responsible
for kidney uptake (13). In this study, the preparation of the
unlabeled conjugate was optimized to eliminate this impu-
rity. The effects of the chromatographic purification of the
conjugate and the variation of the chelate-to-MAD ratios on
biodistribution in two animal models and immunoreactivity
will be discussed. Revised dosimetry estimates were ob-
tained from rat biodistribution data after injection of the
%Cu-BAT-2IT-1A3-F(ab’),. Human absorbed doses of
$4Cu-BAT-2IT-1A3-F(ab’), were also determined by PET
imaging of a primate and the results will be compared to
those obtained from rat biodistribution data.

MATERIALS AND METHODS

All chemicals and methods have been reported previously (13)
except as listed. Centricon-30 membranes were purchased from
Amicon (Beverly, MA). The synthesis of p-nitro-benzyl TETA
was performed according to the method of Moi et al. (14). Br-
benzyl TETA was prepared from nitro-benzyl-TETA as described
by McCall et al. (15). Centrifuged gel filtration column chroma-
tography was done as reported in the literature (16). Radio-thin
layer chromatography (radio-TLC) was accomplished using a
BIOSCAN System 200 Imaging Scanner (BIOSCAN, Washing-
ton, DC). All animal experiments were performed in compliance
with guidelines specified by the Washington University Animal
Studies Committee and the Jewish Hospital Animal Care Com-
mittee.

Preparation and Purification of *Cu

The procedure for the production of *Cu at the Missouri Uni-
versity Research Reactor (MURR) has been described in detail
elsewhere (17). Briefly, zinc metal (99.9999%) was irradiated in
the flux trap of the reactor for 150 hr in a boron-nitride-lined
container. The fast neutron reaction (n, p) on %Zn produced *Cu,
while thermal neutron reactions were minimized by the boron-
nitride shielding. The procedure to separate the zinc target mate-
rial from the *Cu was performed in a sealed glove box. The
neutron-irradiated zinc target containing the *Cu was dissolved in
concentrated HCl, and the solution was evaporated to dryness.
The chloride salts were dissolved in 1 M acetic acid (pH 2.7) and
the solution was applied to a disposable Chelex column containing
4-6 ml of resin that was equilibrated with the same acid. Zinc
elutes through the Chelex column, whereas the *Cu remains on
the column. The *Cu was eluted from the Chelex column with 1
M HCIL. The %Cu solution (in 1 M HCI) was then eluted through
a disposable 4-6-ml AG1X8 anion exchange column to remove
any remaining zinc. The specific activity of *Cu was 302 + 167
Ci/mg Cu (n = 12) at the end of neutron irradiation.

Biodistribution of ®Cu-Labeled 1A3-F(ab’), * Anderson et al.

Preparation and Purlification of MAbs

MAD 1A3 (intact) was purified from serum-free medium by
Invitron (St. Louis, MO) using proprietary methods and 1A3-
F(ab'), was generated from the intact 1A3 by Invitron through
papain digestion followed by column chromatography to separate
F(ab'), (100 kD) from F_ (31 kD/chain) and any residual intact 1A3
(160 kD). The radiolabeled final product showed no contaminating
F, or intact 1A3. The immunoreactivity (IR) of the antibody
fragments generated was determined under conditions of antigen
excess (18).

Preparation of BAT-2(T-1A3-F(ab’), and Labeling
with *Cu

Conjugation of BAT to 1A3-F(ab’), was accomplished by pre-
viously described methods (13). Briefly, a solution of 1A3-F(ab’),
in 0.1 M ammonium phosphate, pH 8, was incubated with excess
BAT and freshly prepared 2-iminothiolane (2-IT) in 50 mM trieth-
anolamine. Molar ratios of BAT-to-MAb were 20:1, 10:1 or 6:1,
and the corresponding molar ratios of 2IT-to-MAb were 10:1, 5:1
or 3:1, respectively. Protein concentrations ranged from 5-10
mg/ml. The solutions were incubated at 37°C for 30 min and
purified by gel filtration chromatography using centrifuged col-
umns. One half of each batch of conjugate was further purified by
FPLC. Prior to FPLC chromatography, the conjugate was con-
centrated to 0.2 ml using a Centricon 30 membrane. Approxi-
mately 2 mg of conjugate in 0.2 ml buffer was injected onto a
Superose 12 size exclusion column eluted at 0.4 ml/min with 0.1 M
ammonium citrate pH 5.5. The eluate was monitored for UV
absorption at 280 nm, and 0.4 ml fractions were collected. The
fractions containing the BAT-2IT-1A3-F(ab’), (eluting at a reten-
tion time corresponding to a molecular weight of 100,000 daltons)
were collected and concentrated using Centricon 30 membranes.
All chelate-MAb conjugates were stored at —80°C until used.
Radiolabeling of BAT-2IT-1A3-F(ab'), with *Cu was carried out
at room temperature for 30 min in 0.1 M ammonium citrate, pH
5.5 as previously described (13).

Isotopic Dilution Assay

The number of chelates conjugated to 1A3-F(ab’), at the BAT-
to-MAD ratios of 6:1, 10:1 and 20:1 were determined by a modified
method of an isotopic dilution assay that has been previously
described (13). Copper-64-citrate (100 Ci) was added to 10 so-
lutions containing varying amounts of nonradioactive Cu-citrate
ranging from 0 to 10 nmole. The *hot plus cold”” Cu-citrate was
then added to BAT-2IT-1A3-F(ab’), (1 nm) and allowed to incu-
bate for 30 min at room temperature. After the 30-min incubation,
1 umole of EDTA was added to the Cu-labeled antibody fragment
conjugates and incubated for 15 min. These solutions were then
spotted on silica gel-coated glass plates, developed in 1:1 10%
ammonium acetate-to-methanol and analyzed by radio-TLC.
Copper-labeled BAT-2IT-1A3-F(ab’), remained at the origin,
whereas nonspecifically bound *Cu?* bound to EDTA and mi-
grated with an R, of 0.8. The percent labeling efficiency was
plotted as a function of total nanomoles of $Cu®* added to the
reaction mixture. The number of chelates attached to the fragment
was determined from the inflection point of this curve.

Gel Electrophoresis

In the FPLC purification of BAT-2IT-1A3-F(ab'),, the 50-kD
impurity was collected and concentrated using centricon-30 mem-
branes. Samples were analyzed by sodium dodecyl sulfate, poly-
acrylamide gel electrophoresis (SDS-PAGE). Approximately 4 ug
of sample protein (reduced or unreduced) was applied per lane to
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FIGURE 1. (A) FPLC trace of %4Cu-BAT-2IT-1A3-F(ab’), using unpurified BAT-2IT-1A3-F(ab’), (20:1 BAT-to-MAb). The column cali-
bration with molecular weight markers indicated that 1A3-F(ab’), fragment (molecular wieght ~100,000 Da) eluted with a retention time of
32.5 min and the Fab' fragment (molecular wieght ~50,000 Da) eluted with a time of 36.0 min. (B) FPLC trace of #Cu-BAT-2IT-1A3-F(ab’),
where the BAT-2IT-1A3-F(ab’), was purified by FPLC before labeling with ®Cu. The amount of **Cu-BAT-2IT-1A3-Fab’ present decreased
significantly. The column calibration with molecular weight markers indicated that 1A3-F(ab’), fragment (molecular wieght ~100,000 Da) on

this FPLC column eluted with a retention time of 34 min.

10%-20% polyacrylamide gradient gels containing 0.1% SDS.
Gels were electrophoresed at room temperature at 30 mA per gel.
After electrophoresis, gels were fixed and then stained with Serva
Blue in 20% methanol. Molecular weight standards and standards
of unreacted 1A3-F(ab'), were electrophoresed in control lanes.

Animal Models

Animal biodistribution experiments were carried out in 6-wk-
old immunocompetent male Golden Syrian hamsters implanted
with GW39 human colon carcinoma in the musculature of their
right thigh (19). GW39 tumors express the antigen recognized by
MADb 1A3 (20). Biodistribution studies were also carried out in
normal Sprague-Dawley rats as previously described (13).

Biodistributions of #Cu-benzyl-TETA-1A3-F(ab'), for dosim-
etry calculations were determined in mature, female, adult
Sprague Dawley rats with weights of 165 + 10.3 g. The amount of
1A3-F(ab'), injected per rat ranged from 25-50 ug with a specific
activity of 1-2 uCi/ug. Rats were sacrificed at several time points
ranging from 1 hr to 36 hr postinjection. Samples of blood and 10
organs were were removed, weighed, counted, and the %ID/g and
%ID/organ were calculated for these organs. The assumption was
made that the rat biodistribution, which determined %ID/organ at
various time points postinjection, is the same as the human bio-
distribution. Physical decay was assumed for activity remaining in
organs beyond 36 hr postinjection. The uCi/organ/mCi values
were decay-corrected and plotted versus time. For each organ,
the number of uCi-hr/organ/mCi were determined by measuring
the area under the curves. For these calculations, it is assumed
there is no excretion. The remaining uCi-hr quantity not ac-
counted for by the organs removed was considered to be uni-
formly distributed in ‘‘other” tissue. Dose estimates were then
calculated using standard MIRD techniques (21).

A 35-kg adult male baboon was repeatedly imaged in a Sie-
mens/CTI ECAT EXACT PET system (CTI PET Systems,
Knoxville, TN) to determine the biodistribution of *Cu-benzyl-
TETA-1A3-F(ab'),. The baboon was injected on two occasions
with 1 mg of FPLC-purified BAT-2IT-F(ab'),, labeled with 6 and
9.3 mCi of ®Cu, respectively. Images of the animal’s torso were
acquired at 0, 6, 14 and 38 hr postinjection. The same baboon was
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injected once with 1 mg of **Cu-labeled unpurified F(ab’), and
imaged at 2, 8 and 31 hr postinjection.

Activity concentration values were derived from the PET im-
ages which had been previously calibrated against the Capintec
dose calibrator used to assay the injected doses. Regions of inter-
est (ROIs) drawn over the liver, kidneys and left ventricle were
used to estimate total organ and blood-pool accumulations of the
compound. Blood activity was taken to be the average of the
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FIGURE 2. FPLC traces of 1A3-F(ab’), after incubation with
BAT, 2IT, or a mixture of BAT and 2IT. (A) FPLC trace of 1A3-
F(ab’), incubated with a 20-fold molar excess of BAT. (B) FPLC
trace of 1A3-F(ab’), incubated with a 10-fold molar excess of 2IT.
(C) FPLC trace of 1A3-F(ab’), incubated with a 20-fold molar excess
of BAT and a 10-fold molar excess of 2IT.
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TABLE 1
Immunoreactivity and Human Kidney Self-Dose
Measurements of %4Cu-BAT-2IT-1A3-F(ab’),

at Different BAT-to-MAb Ratios
Dose
mGy/MBq
BAT:MAb  FPLC Purified  (rads/mCi) IR
10:1 No 1.07 3.97) 7(n=1)
10:1 Yes 0.837 (3.10) 858 +32(n=23)
201 No 1.27 (4.69) 700+40(n=23)
201 Yes 0.805 (2.98) 869+42(n=28)

The dose measurements were estimated from rat biodistribution data.
The number of IR measurements Is given in parentheses next to the
value. The IRs of **Cu-abeled 20:1 FPLC and ®‘Cu-labeled 20:1 unpu-
rified fragments are significantly different (p < 0.0005).

maximum pixels in 5 to 6 adjacent slices. This was necessary to
avoid partial volume effects in the moving heart. Liver activity
was taken as the average value in a large ROI centered in the liver
and averaged over § to 6 slices. Kidney activity, although trapped
primarily in the renal cortex, was taken as the average value inside
an ROI outlining the entire kidney and was assumed to be uni-
formly distributed in the organ. ROI values were decay-corrected
to the time of injection, multiplied by standard human organ
volumes normalized to the baboon’s weight (22), corrected for
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FIGURE 3. Kidney clearance of ®*Cu-labeled FPLC-purified and
unpurified BAT-2(T-1A3-F(ab’), in normal Sprague-Dawley rats. (A)
10:1 BAT-to-MAD ratio (FPLC purified, n = 8; unpurified, n = 4); (B)
20:1 BAT-to-MAD ratio (FPLC purified, n = 8; unpurified, n = 4).
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FIGURE 4. Bilood and liver clearance of ®*Cu-labeled FPLC pu-
rified and unpurified BAT-2IT-1A3-F(ab’), in normal Sprague-Daw-
ley rats. Both conjugates were prepared using a 20:1 BAT-to-MAb
molar ratio (FPLC purified, n = 8; unpurified, n = 4).

blood content, and compared with the total injected activity to
determine percent injected dose (%ID) to each organ. A 1900-ml
blood volume for the baboon was selected to give 100% ID in the
blood at time 0. Bone marrow activity was derived from blood
pool activity according to the model of Siegel et al. (23) using a
partition fraction of 0.3.

RESULTS

Preparation of MAb Fragment Conjugates
The MAb 1A3-F(ab’), fragments were conjugated with
BAT at molar ratios of 6:1, 10:1 and 20:1, using a 3:1, 5:1
and 10:1 molar ratio of the linking agent 2IT:MAb, respec-
tively. FPLC analysis of the 10:1 and 20:1 BAT:MAD con-
jugates showed that 15%-35% was a 50-kD impurity,
whereas the 6:1 BAT:MAD conjugate contained approxi-
mately 10% of this lower molecular wieght impurity. To
eliminate this impurity, BAT-2IT-1A3-F(ab'), was purified
E‘y FPLC following conjugation. FPLC chromatograms of
Cu-labeled purified and unpurified BAT-2IT-1A3-F(ab’),
are shown in Figure 1. The lower molecular wieght impu-
rity is removed by the FPLC purification, and quality con-
trol by FPLC of the radiolabeled FPLC purified conjugate
indicates one radioactive product with a molecular wieght
of 100,000.
To determine the source of the impurity, 1A3-F(ab’),
was incubated with BAT and 2IT separately and together
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and the mixtures were analyzed by FPLC. The FPLC
chromatograms shown in Figure 2 indicate that the 2IT
caused the impurity. BAT alone did not appear to damage
1A3-F(ab’),. The 50-kD impurity was isolated by FPLC
and labeled with %Cu. The IR of this $Cu-labeled 50-kD
impurity was 28%, and SDS-PAGE showed the 50-kD
molecular wieght impurity to co-migrate with 1A3-Fab’
fragment (not shown).

The isotopic dilution assay showed that the 20:1 BAT-
to-MADb conjugates had two chelates/fragment, whereas
the 10:1 conjugates had 1 chelate/fragment and the 6:1
conjugates had less than 0.5 chelates/fragment. Because of
the low number of chelates conjugated to 1A3-F(ab’),,
%Cu-labeled conjugates of 6:1 BAT-to-MADb, either with or
without FPLC purification, had significantly decreased la-
beling efficiency compared to the 20:1 and 10:1 BAT-to-
MAD conjugates. For this reason, only the 10:1 and 20:1
conjugates were further evaluated. Table 1 shows that
FPLC purification of the 10:1 and 20:1 conjugates resulted
in improved IR. The greatest improvement in IR was be-
tween the %Cu-labeled FPLC-purified and unpurified 20:1
BAT-to-MAD conjugates (86.9% + 4.2% versus 70.0% +
4.0%; p < 0.0005). Although the IR results were similar
between FPLC-purified 10:1 and 20:1 BAT-to-MADb, the
higher BAT-to-MAD resulted in the addition of more che-
lates which gave a higher radiolabeling efficiency. Thus,
the 20:1 BAT-to-MADb conjugate was evaluated more ex-
tensively in both animal models.

Animal Blodistribution

Rat biodistribution experiments were performed using
10:1 and 20:1 BAT-to-MAD conjugates that were prepared
with and without FPLC purification. A comparison of the
%ID/g of these conjugates in the kidney from 1 to 36 hr
postinjection is shown in Figure 3. At both BAT-to-MAb
ratios, the conjugates that were not FPLC-purified had
significantly higher uptake in the kidneys over time (p <
0.005) than the conjugates that were FPLC-purified except
for the 10:1 BAT-to-MADb at 24 hr (p = 0.054). The highest
kidney uptake occurred with unpurified #Cu-labeled con-
jugates at 20:1 BAT-to-MADb, most likely because of the
greater amount of BAT-2IT-1A3-Fab’ formed due to the
higher 2IT concentration. Copper-64-BAT-2IT-1A3-Fab’,
with a molecular wieght of approximately 50 kD, should
clear primarily through the kidneys. A comparison of the
liver uptake and blood clearance in normal rats shows no
significant differences between purified and unpurified
%Cu-labeled 20:1 BAT-to-MADb conjugates (Fig. 4).

Biodistribution experiments were carried out with *Cu-
labeled 20:1 BAT-to-MAb conjugates, both FPLC and
non-FPLC purified, using the hamster, GW39 human colon
cancer model. Figure 5 shows that the Cu-labeled FPLC-
purified conjugate demonstrated greater tumor uptake and
lower kidney uptake at all three time points compared to
the unpurified conjugate, however, the differences were
not as pronounced as those observed in normal rats. As in
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normal rats, there were no significant differences in the
blood clearance and liver uptake of the two compounds.

Dosimetry
The human radiation absorbed doses to the kidneys for

10:1 and 20:1 BAT-to-MADb conjugates were calculated
from rat biodistribution data and are listed in Table 1. The
kidney doses for the %*Cu-labeled FPLC-purified conju-
gates are significantly lower than those of the radiolabeled

TABLE 2
Absorbed Radiation Doses Resulting from Administration of
84Cu-abeled 20:1 FPLC-Purified BAT-2IT-1A3-F(ab’),
Determined from Normal Rat Biodistribution Data*

mGy/185 MBq
Organ mGy/MBq (Rad/mCi) (Rad/5 mCi)
Kidneys 0.805 (2.98) 149 (14.9)
Liver 0.123 (0.455) 228 (2.28)
Marrow 0.107 (0.395) 19.8 (1.96)
Spleen 0.101 (0.373) 18.7 (1.87)
uU wall 0.117 (0.432) 21.6 (2.16)
Small intestine 0.067 (0.247) 12.4 (1.24)
Stomach wall 0.043 (0.158) 7.90 (0.790)
LLI wall 0.212 (0.786) 393 (3.93)
Lungs 0.037 (0.138) 6.90 (0.690)
Other 0.022 (0.082) 4.10 (0.410)
Total body 0.031 (0.115) 5.75 (0.575)

*The effective dose is 0.14 mSv MBq~' (0.516 rem/mCi).
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FIGURE 6. PET torso images of baboon following
injection of 9.3 mCi *Cu-BAT-2IT-1A3-F(ab’), (FPLC purified). Top
images show the biodistribution of the compound in the first hour
following injection, while the bottom images were taken 6-7 hr
postinjection. Images are self-normalized; however, substantial ac-

cumulation in the kidneys and decreasing blood-pool activity are
evident.

unpurified conjugates. The *Cu-labeled unpurified 20:1
BAT-to-MAD conjugate gave the highest dose to the kid-
ney (1.27 mGy/MBq) which correlates with the greatest
amount of #Cu-BAT-2IT-1A3-Fab’ injected. Table 2 lists
the absorbed radiation dose of Cu-BAT-2IT-1A3-F(ab’),
(20:1 BAT-to-MAb, FPLC-purified conjugate) for nine or-
gans as well as the total body. The kidney was the critical
organ (0.805 mGy/MBq), followed by the lower large in-
testine wall (LLI) (0.212 mGy/MBgq), the liver (0.123 mGy/
MBgq) and the upper large intestine wall (ULI) (0.117 mGy/
MBq). Also listed in Table 2 are the corresponding
absorbed doses for a 185-MBq injection, a likely imaging
dose for clinical studies.

Human absorbed doses to the kidneys for both %*Cu-
labeled FPLC and unpurified fragments were also calcu-
lated from PET images of a baboon (Fig. 6). Time-activity
curves (TAC) for the kidneys constructed from these data
are shown in Figure 7A plotting %ID versus time after
injection. Figure 7B shows the TAC for the blood clear-
ance. A least-squares fit of each data set is also shown. To
use the MIRD scheme, a quantity known as the ““residence
time,”” which is the accumulation-time product, is deter-
mined for each organ by integrating the analytical form of
the TAC from 0 to «. Residence times for blood pool, liver
and kidneys were determined for the baboon, thereby ac-
counting for 60%-85% of the injected activity over the
imaging period. These values were assumed to be predic-
tive of the pharmacokinetics in a human. By visual assess-
ment, no other substantial accumulation was evident in the
animal, and the missing fraction, increasing from 15%-
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40%, was determined to be distributed uniformly in the soft
tissue. A “‘remainder of body’’ compartment was used in
the dosimetry model to account for blood activity and any
missing activity. The liver, kidneys, red bone marrow and
remainder of body were then used as source organs in the
MIRD scheme to estimate the total dose to each organ in
mGy/MBgq injected. Results of the absorbed doses calcu-
lations for the liver and kidneys are shown in Table 3.

DISCUSSION

Copper-64, a positron-emitting isotope with a 12.8-hr
T, ., has many advantages for tumor imaging when labeled
to MAbs. Copper-64 is readily available from MURR in
high specific activity and is less expensive than many cy-
clotron-produced isotopes. It has been shown that PET
imaging with ®Cu-BAT-2IT-1A3 is more sensitive for
smaller metastatic lesions than '''In-labeled 1A3-F(ab’),
using the bifunctional chelate N,N"-bis(2-hydroxybenzyl)-1-
(4-bromoacetamidobenzyl)-1,2-ethylenediamine-N,N'-dia-
acetic acid (BrPHBED) (1). Copper-64 also has possible
applications in therapy, as it has been shown to have similar
lethality to ’Cu in vitro, both when uncomplexed or labeled
to MAD 1A3 (24-26).

Copper-64-BAT-2IT-1A3-F(ab’), has advantages over
%Cu-labeled intact 1A3 which include a shorter biological
half-life, lower liver uptake and potentially decreased
HAMA response. The tumor-to-nontumor ratios of *Cu-
BAT-2IT-1A3-F(ab’), were better than those for 'In-
Br&HBED-1A3-F(ab’), and except for the tumor-to-kid-
ney ratio, comparable or better than '%I-1A3-F(ab’), (13).
The major problem with Cu-BAT-2IT-1A3-F(ab’), in
these studies was the high kidney uptake which was caused
in part by a 50-kD impurity. FPLC and SDS-PAGE anal-
ysis showed this impurity to be *Cu-BAT-2IT-1A3-Fab'.
This fragment had low immunoreactivity (28%), and be-
cause of its size, it most likely cleared primarily through
the kidneys. BAT-2IT-1A3-Fab’ was produced during con-
jugation as a result of partial reduction of 1A3-F(ab'), in-
terchain disulfide bonds by 2IT (Fig. 2). The BAT-2IT-1A3-
F(ab'), was purified from the BAT-2IT-1A3-Fab’ impurity
using FPLC. Because FPLC purification is time-consum-
ing, various BAT-to-MAD ratios with corresponding de-
creasing amounts of 2IT were investigated in hopes of
decreasing the production of BAT-2IT-1A3-Fab’ and elim-
inating the FPLC purification step. Even at the lowest
BAT-to-MAb ratio investigated (6:1), there was sufficient
BAT-2IT-1A3-Fab’ contamination, necessitating FPLC
purification. At 6:1 BAT-to-MADb, for every two molecules
of 1A3-F(ab’),, only one was conjugated with BAT. This
compromised labeling efficiency to such an extent that we
chose not to further investigate this conjugate. When la-
beled with %Cu, the 20:1 conjugate had twice the labeling
efficiency of the 10:1 conjugate. There were no major dif-
ferences in the kidney uptake of Cu-labeled FPLC-puri-
fied conjugates using 10:1 and 20:1 BAT-to-MADb ratios.
Based on these data, the optimum BAT-to-MAD ratio for
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BAT-2IT-1A3-F(ab’), (top) or “Cu-abeled unpurified BAT-2IT-1A3-F(ab’), (bottom).

achieving acceptable labeling efficiency and kidney clear-
ance was 20:1 with FPLC purification.

Although the differences in kidney uptake in tumor-bear-
ing hamsters between %Cu-labeled FPLC-purified and un-
purified conjugates were not as dramatic as in normal rats,
the same trends were observed, and FPLC purification
decreased kidney uptake. It is interesting to note that the
kidney uptake of both **Cu-labeled FPLC-purified and un-
purified conjugates in the hamsters clear significantly after
12 hr postinjection, whereas in the rats, only the 10:1
%4Cu-labeled unpurified conjugates showed any clearance.
At this time, we have no explanation for the differences
between the two animal models.

In hamsters, the **Cu-labeled FPLC-purified BAT-2IT-
1A3-F(ab’), had a higher tumor uptake at 6 and 12 hr
postinjection, most likely due to the higher IR. It was
expected that the presence of a 50-kD impurity in the
unpurified conjugate might increase the rate of blood clear-
ance, as well as decrease the amount of activity in the liver;
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TABLE 3
Absorbed Radiation Doses Resulting from Administration of
€4Cu-Labeled 20:1 Unpurified and FPLC-Purified
BAT-2IT-1A3-F(ab’), Determined from PET

Imaging of a Normal Baboon

Unpurified FPLC Purified

Organ mGy/MBq (rad/mCi)  mGy/MBq (rad/mCi)

Kidneys 0.385 (1.42) 0.309 (1.14)

Liver 0.120 (0.444) 0.140 (0.517)
Marrow 0.041 (0.150) 0.048 (0.176)
Spieen 0.032 (0.118) 0.031 (0.114)
ULl wall 0.031 (0.115) 0.031 (0.115)
Small intestine 0.031 (0.114) 0.031 (0.113)
Stomach wall 0.030 (0.111) 0.030 (0.109)
LU wall 0.029 (0.108) 0.029 (0.107)
Lungs 0.028 (0.102) 0.028 (0.102)
Other 0.027 (0.098) 0.026 (0.097)
Total body 0.031 (0.114) 0.031 (0.114)
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however, the blood clearance and liver uptake were similar
between the two compounds in both animal models.

There are few reports of Cu-labeled MAD fragments in
the literature. In one recent study, $’Cu was labeled to
MAD35 F(ab'),, an anti-colon carcinoma MADb F(ab'), us-
ing the macrocyclic bifunctional chelate 4-(1,4,8,11-tet-
raazacyclotetradec-1-yl)methylbenzoic acid (14N4 (27),
also called CPTA (28)). The authors concluded that the
high kidney uptake (36.7% + 4.98% ID/g at 12 hr postin-
jection) precludes the clinical use of ’Cu-labeled MAb35
F(ab’), for therapy studies. A recent in vivo comparison of
the bifunctional chelates CPTA and BAT conjugated to
1A3-F(ab'), showed *Cu-CPTA-1A3-F(ab'), to have a sig-
nificantly higher kidney uptake than ®Cu-BAT-2IT-1A3-
F(ab'), (27.6% = 2.25% ID/g and 13.66% * 3.71% ID/g,
respectively, at 24 hr postinjection (p < 0.001)) (29). The
conjugation of CPTA to 1A3-F(ab’), did not cause the
breakage of disulfide bonds forming 1A3-Fab’ (Anderson
CJ, unpublished results); therefore, the higher kidney up-
take could not be attributed to radiolabeled, lower molec-
ular wieght fragments. This large difference in kidney up-
take may indicate that the metabolite of %Cu-BAT-2IT-
1A3-F(ab'), is released from kidney cells more readily than
that of #Cu-CPTA-1A3-F(ab’),. Another possible explana-
tion is that the Cu-CPTA chelate was unstable in the
kidneys and free Cu®* bound to intracellular proteins in
the kidneys, trapping the %Cu in the kidneys. The signifi-
cant differences in kidney uptake between *Cu-BAT-2IT-
1A3-F(ab’), and #Cu-CPTA-1A3-F(ab'),, which differ only
in the chelate and chelate-MADb linkage, suggest that a
better understanding of the metabolism of radiolabeled
chelate-MAD conjugates may aid in the design of biocon-
jugate radiopharmaceuticals that more rapidly clear non-
target organs. Studies to better understand the metabolism
of **Cu-labeled immunoconjugates are ongoing.

The estimated human absorbed doses for FPLC-purified
(20:1) *#Cu-BAT-2IT-1A3-F(ab’), based on biodistribution
data in Sprague-Dawley rats are listed in Table 2 for nine
organs and for the total body. These dose estimates are
conservative since no excretion is assumed. No extrapola-
tion method has been used to fit the animal data to man,
since no method has been recognized to be more accurate
than direct application of animal organ residence times to
man (10,30). In our study, primary and secondary critical
organs have been identified as the kidneys (0.805 mGy/
MBq) and lower large intestine (0.212 mGy/MBq). The
absorbed doses to the bone marrow, spleen and total body
were estimated to be 0.107, 0.101 and 0.031 mGy/MBq.
These doses are within an acceptable range for clinical use.
The effective dose equivalent (EDE) for FPLC-purified
%4Cu-BAT-2IT-1A3-F(ab'), is 0.14 mSv MBq ™!, and for a
clinical dose of 185 MBq, the EDE would be 25.9 mSv (31).

Based on rat biodistribution data, we previously re-
ported an absorbed dose estimate to the kidneys for *Cu-
labeled unpurified BAT-2IT-1A3-F(ab’), to be 1.1 mGy/
MBq (13). A recalculated value, 1.27 mGy/MBq, has
accounted for physical decay beyond the 36-hr biodistribu-
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tion study. FPLC purification of BAT-2IT-1A3-F(ab’),
caused a 36% decrease in the kidney absorbed dose from
1.27 mGy/MBgq to 0.805 mGy/MBq. The reduction in kid-
ney uptake for the %Cu-labeled FPLC-purified conjugate
was noted as early as 6 hr postinjection and remained
significantly lower up to 36 hr, decreasing the overall res-
idence time in the kidney. From these dosimetry estimates,
an injected dose of 185 MBq will result in a kidney ab-
sorbed dose of 149 mGy.

The absorbed doses to the kidneys were also determined
for both *Cu-labeled FPLC-purified and unpurified BAT-
2IT-1A3-F(ab’), from PET images of a normal baboon. A
comparison of the dose estimates to the kidneys shows a
22% reduction for the *Cu-labeled FPLC-purified conju-
gate. The blood clearance for the **Cu-labeled unpurified
conjugate was more rapid than that of the FPLC-purified.
These differences support our conclusion that the lower
molecular wieght impurity is cleared from the blood more
rapidly by the kidneys, where it is trapped, thereby in-
creasing the kidney dose. The difference is not significant
for the n = 1 study we have performed here, however, the
trend is in the same direction as that seen in the rat biodis-
tribution.

The absorbed dose to the kidneys based on rat biodis-
tribution (showing ~25% ID in the kidneys) was 0.81 mGy/
MBq for #Cu-labeled purified conjugate. Alternatively, ba-
boon PET image data showed only ~10% ID in the kidneys
and an absorbed dose of 0.31 mGy/MBq. The different
biodistribution between nonhuman primates and rodents is
not surprising, given that hepatobiliary and renal clearance
of many radiopharmaceuticals varies widely from rodents
to mammals (32 33). The differing dosimetry results ob-
tained in rodents versus a primate raises questions con-
cerning the use of rodents to determine human dose esti-
mates. Given the expense and scarcity of primates for use
in research studies, rodents provide a conservative esti-
mate of human absorbed doses for initiating clinical trials
for new radiopharmaceuticals. Based on the dosimetry
from the baboon PET image, an injected dose of 185 MBq
will result in a total dose to the kidneys of 56.8 mGy for
%4Cu-labeled purified BAT-2IT-1A3-F(ab’),, whereas the
kidney dose based on rat biodistribution studies is 149
mGy. This dose is significant, but still at or below the
primary critical organ dose for several FDA-approved ra-
diopharmaceuticals routinely used in nuclear medicine
such as !'In-WBC, 200 mGy to the spleen (package insert,
111n.0xine, Amersham Healthcare); Oncoscint®, 150 mGy
to the spleen, 90 mGy to the liver (package insert, Cytogen,
Inc.); and Octreoscan®, 148 mGy to the spleen (package
insert, Mallinckrodt Medical, Inc.).

CONCLUSION

This paper describes the optimization of the preparation
of #Cu-BAT-2IT-1A3-F(ab’),, which gives improved bio-
distribution in three animal models. FPLC purification of
the BAT-2IT-1A3-F(ab'), conjugates eliminated a 50-kD
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impurity, believed to be BAT-2IT-1A3-Fab’, resulting from
the reduction of disulfide bonds by the linking agent 2IT.
The %Cu-labeled FPLC-purified conjugates showed signif-
icantly increased immunoreactivity and decreased kidney
uptake in Sprague-Dawley rats over that of the %Cu-la-
beled unpurified conjugates. By using the FPLC purifica-
tion procedure, the estimated human absorbed dose to the
kidneys of #Cu-BAT-2IT-1A3-F(ab'), decreased from 1.27
to 0.805 mGy/MBq based on rat biodistribution data, while
data from a primate PET imaging study showed kidney
uptake decreasing from 0.38 to 0.31 mGy/MBq. With the
kidney as the critical organ, 185 MBq of *Cu-BAT-2IT-
1A3-F(ab'), can be administered clinically with reasonable
absorbed doses.
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