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Using a bifunctional chelating agent, indium-111 was attached to a monoclonal
antibody 10-3D2, specific for a 126-kilodalton phosphoglycoprotein antigen asso-
ciated with human mammary carcinoma, and was then used to localize and visual-
ize human mammary tumors hosted in nude mice. Simultaneous tumor concentra-
tion of In-111-10-3D2 was eight times greater than that of control 1-125-MOPC-21.
Uptake of F(ab’), and Fab of 10-3D2 was also compared. The scintigrams demon-
strated that intact antibody provided the best images. Control In-111-labeled
MOPC-21 and plasma did not show specific localization in the tumor. Uptake of In-
111-labeled 10-3D2 was also compared in two lines of human mammary tumors,
BT-20 and HS-578T. Imaging with 10-3D2 was better for BT-20 than for HS-578T.
These studies demonstrated that (a) In-111-10-3D2 can be utilized to image
human mammary tumors hosted in nude mice; (b) intact antibody provided the
best tumor images, although F(ab’), had optimal target-to-background ratios for
earlier imaging; and (c) different mammary tumor lines with possibly different con-
centrations of tumor-associated antigen showed different rates of uptake and ap-

parent saturation with 10-3D2.
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Although the recognition of antibodies as potential
target-specific immunologic agents dates back to the
turn of this century (1), Pressman and Keighley in 1948
were the first to demonstrate conclusively the localization
of radiolabeled antibodies in specific target organs in vivo
(2). Since then, antibodies have been used for detection
and visualization of various malignant tissues in exper-
imental animals (3-6), and man (7-10). Early studies
used the immune-globulin fractions of tumor-specific
antisera for detection of tumors (/1,12), or nonspecific
markers such as antifibrinogen (/3), usually labeled with
iodine-131. The next generation of immunologic
tumor-imaging agents, antibodies to oncofetal proteins
(9,14-16), were also labeled with I-131. Advances in the
production of tumor-specific or -associated antibodies,
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however, required the advent of monoclonal antibody
technology (17-19) to provide a reliable source of large
quantities of a specific antibody directed against a single
epitope. Improvements in radiolabeling (20-23) now
permit the formation of stable complexes of antibody
with either technetium-99m or indium-111. These ra-
diolabels allow high-quality images to be recorded with
a low radiation burden.

Before selecting among the possible radiolabeled an-
tibodies directed against specific single epitopes, one
must establish which portion of the antibody molecule
provides the best images in vivo. Recent studies suggest
that F(ab’); may have superior imaging characteristics
to Fab (24). To evaluate this point, studies were un-
dertaken with an indium-111-labeled monoclonal anti-
body (10-3D2)—specific for a 126-kd phosphogly-
coprotein (pgp) antigen associated with human mam-
mary tumors (25)—in order to detect and visualize such
tumors by gamma imaging in nude mice. In vivo uptake
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of whole antibody in the tumor was compared with up-
takes of F(ab’), and Fab to determine their relative ki-
netics in the tumors. In addition, we compared the in vivo
avidity of 10-3D2 for two human mammary-tumor lines
(BT-20 and HS-578T).

MATERIALS AND METHODS

Production of monoclonal antibody 10-3D2. This was
prepared by hybridization of immune spleen cells with
SP2/0 murine myeloma cells, as described by Soule et
al. (25). Briefly, a human mammary-tumor cell line
(BT-20) was used to immunize female BALB/c mice by
peritoneal injections. Booster i.p. injections of 20 million
viable BT-20 cells in complete Freund’s adjuvant were
administered twice at 3-wk intervals. Seven months later,
100 ug of the membrane fraction of BT-20 cells was
injected intravenously. The spleen cells from two mice
were used 4 days later for hybridization with SP2/0O
murine myeloma cells by the established polyethylene
glycol hybridization method (26). Cloning and sub-
cloning to establish monoclonality have been reported
(25). Higher concentrations of 10-3D2 for in vivo
imaging studies were produced in BALB/c mice primed
with pristane in ascitic form. The ascitic fluids obtained
were made 40% saturated with ammonium sulfate to
precipitate the antibody. Then, after dialysis in PBS
(0.01 M phosphate in 0.15 M NaCl, pH 7.4), the anti-
body fraction was further purified by protein-A immu-
noadsorption (27). 10-3D2 was determined to be IgG,
isotype. Electrophoresis in 13% sodium dodecyl sulfate
polyacrylamide gel (28) showed the antibody to be 95%
pure, with no contaminating transferrin.

Preparation of 10-3D2 Fab and F(ab’), fragments. Fab
fragments were prepared by papain digestion of whole
antibody by the established method (29). Fab fragments
were separated from Fc and undigested monoclonal
antibodies by protein-A immunoadsorption, which binds
Fc and whole antibodies (27). Fab recovered in the
fall-through fractions was pooled, concentrated by
vacuum dialysis to ~3-5 mg/ml, then dialyzed in 0.1 M
NaHCO; for subsequent covalent coupling to diethylene-
triaminepentaacetic acid (DTPA) (20,21,30).

F(ab’), fragments were prepared by pepsin digestion
of whole 10-3D2 in 0.1 N acetate, pH 4.5, as previously
reported (37). F(ab’), fragments were separated from
undigested 10-3D2 by protein-A immunoadsorption
(27), then further purified by Sephadex-G100 column
chromatography (32). The F(ab’), fragments were also
dialyzed against 0.1 M NaHCOj for covalent coupling
to DTPA (20,21,30). Contamination of the F(ab’); and
Fab preparations with intact antibody was determined
by Ouchterlony’s method of double diffusion in 1%
agarose (33). Only preparations that showed lines of
partial identity with whole antibody were used. Prepa-
rations showing contamination of intact antibody or Fc
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in Fab preparations were submitted for repurification
by protein-A immunoadsorption.

DTPA coupling of 10-3D2. Whole 10-3D2, F(ab’),,
and Fab fragments were covalently coupled with DTPA
by the carboxy/carbonic anhydride method of Krejcarek
and Tucker (30), as previously described for small
quantities of antibodies (20,2/). The DTPA-linked
proteins were dialyzed extensively in saline (6 1) over-
night, then against 0.3 M PBS, pH 8.0. The DTPA-
linked 10-3D2 monoclonal antibody and the Fab and
F(ab’), fragments were stored frozen until used.

Indium-111 labeling of DTPA linked 10-3D2 (DTPA
10-3D2). We have developed a gentle method of labeling
DPTA-antibodies with In-111 using sodium citrate as
a transchelator at pH 5.5 to 6.0. Specifically, 8-10 mCi
of indium-111 were pretreated with 200 ul of 1 M sodium
citrate, pH 5.5, for 30 min, then added to an aliquot of
250-500 ug of either DTPA-labeled 10-3D2, Fab, or
F(ab’),. The final concentration of citrate was ~0.5 M.
The mixture was stirred vigorously, then let stand at
room temperature for another 30 min. Bound and free
In-111 were separated by column chromatography
(10-ml Sephadex-G25 column topped with 1 ml Che-
lex-100 and equilibrated; eluted with lactated Ringer’s
solution). Indium-111 bound to DTPA-linked proteins
was eluted in the void volume. The peak activity was
pooled, then ~200 uCi of In-111-DTPA-10-3D2
(300-500 w1 per nude mouse) were used in tumor detec-
tion and visualization studies. The specific activity of
In-111 used was ~10 mCi per mg of whole 10-3D2, Fab,
or MOPC-21, and 16.7 mCi per mg of F(ab’),.

Iodine-125 labeling of control murine myeloma IgG.
Radioiodination of control murine myeloma IgG
(MOPC-21) with 1-125 was by the lactoperoxidase
procedure of Marchalonis (34). Bound and free I-125
were separated by Sephadex-G25 (10 ml) chromatog-
raphy. I-125 labeled normal IgG was stored frozen until
used. MOPC-21 isotype IgG, was used to match the is-
otype of 10-3D2.

Tumor implantation. Solid BT-20 or HS-578T tumors
were passed from nude mouse to nude mouse by sterile
surgical implantation of 1 to 1.5 mm cubed pieces of the
tumors. The tumor was implanted in the left shoulder or
upper abdominal region through a small surgical incision
at least 10 days before the mice were used in the
tumor-imaging studies.

Experimental protocol of tumor imaging. Nude mice
hosting either BT-20 or HS-578T human mammary
tumors were used in three studies: The first compared
the distribution of whole antibody 10-3D2 with that of
Fab, F(ab’),, MOPC-21, and transferrin; the second
compared a specific antibody in two different tumors;
the third showed that tumors can be visualized even if
they overlie the spleen and liver or the upper abdominal
region.

a). Nude mice hosting BT-20 human mammary tu-
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mors were divided into four groups:

Group 1 (n = 5, 1 died at 19 hr after injection) re-
ceived In-111 DTPA 10-3D2;

Group 2 (n = 8) received In-111 DTPA 10-3D2
F(ab)z;

Group 3 (n = 5, 1 died after the 24-hr imaging) re-
ceived In-111 DTPA 10-3D2 Fab;

Group 4 received In-111-labeled plasma (transferrin)
(n = 4, 1 died at 24 hr after injection) (35);

Group 5 received In-111 DTPA MOPC-21.

Each mouse received 200 uCi of In-111 activity (ap-
proximately 20 ug protein) by tail-vein injection, except
Group 2, which received only 167 (10 ug) uCi of In-
111-labeled F(ab’), (10-3D2) per mouse.

Imaging. Each animal was immobilized with intra-
peritoneal 4% chloral hydrate (0.01 ml per g body
weight); it was then placed prone beneath the detector.
Two images were recorded with the pinhole collimator
4 cm from the back of the animal, centered over the
tumor, for a period of 10 min. The camera was set to
image only the upper energy peak (263 keV) of in-
dium-111. Imaging sessions took place at 1, 24, and 48
hr following injection. After the 48-hr imaging session,
the mice were killed by cervical dislocation and the
biodistribution of the In-111 label was determined by
scintillation well counting of the blood, heart, lungs, liver,
spleen, small intestine, kidneys, and the tumors. All or-
gans were counted whole except the blood, where an
aliquot was counted and total blood volume was calcu-

lated as 8% of total body weight. All distributions were
reported as % of injected dose per organ or per g of the
organ. Group 1 also received simultaneously I-125-
labeled myeloma IgG (10 uCi/mouse) as controls.

Data from the gamma counting of In-111 activities
were corrected for physical decay and compared with a
standard In-111 sample used to calibrate the efficiency
of the scintillation counter. The activity in the syringe
was determined in a dose calibrator before and after
injection to determine the injected dose precisely.

b). In this study, two groups of six nude mice, each
hosting either BT-20 or HS-578T human mammary
tumors, were injected intravenously, each mouse with
a mixture of 200 uCi of In-111-DTPA-10-3D2 (20 ug)
and 10 uCi I-125-tagged normal IgG. Imaging was
performed as above, but it was done at 1 hr after injection
and at every 24 hr for the following 6 days. On Day 7
after the injection, the animals were killed and the bio-
distributions of both radionuclides was determined as
described above. Two nude mice from each group died
during the experiment. The imaging data obtained were
analyzed by planimetry, to compare In-111 activity in
the tumor with In-111 activity in the head region. The
ratios obtained were used as figures of merit (36), as
shown in Figs. 6 and 7.

c). A group of four mice hosting BT-20 human
mammary tumors in the upper abdominal region over-
lying the spleen and liver were injected intravenously
with 200 uCi In-111 DTPA 10-3D2 (approximately 20

TABLE 1. BIODISTRIBUTIONS OF In-111-DTPA-10-3D2 AND 1-125-NigG IN NUDE MICE (n = 4)
HOSTING BT-20 HUMAN MAMMARY TUMORS, AT 48 hr AFTER l.v. INJECTION
In-111-10-3D2 1-125-1gG
Organ Weight(g)* % dose/g* % dose/organ*® % dose/g* % dose/organ*®

Blood 1.93 7.9% 15.02 5.4 10.3
(1.76-2.22) (5.70-10.84) (12.565-19.72) (2.72-5.80) (5.21-10.20)

Heart 0.1 3.8 0.36 1.4 0.16
(0.10-0.13) (2.38-4.13) (0.30-0.43) (1.00-1.83) (0.10-0.23)

Lungs 0.13 5.4 0.71 2.0 0.34
(0.10-0.16) (4.16-6.46) (0.63-0.90) (1.09-3.93) (0.19-0.53)

Liver 1.38 7.85 10.83 1.57 2.16
(1.24-1.70) (7.05-8.20) (8.78-13.55) (1.05-2.36) (1.30-3.17)

Spleen 0.07 134 0.9 4.27 0.25
(0.04-0.08) (10.11-17.89) (0.77-1.11) (1.21-10.14) (0.10-0.44)

Sm. Intest. 1.81 2.23 4.2 0.71 1.27
(1.60-2.06) (2.19-2.70) (3.53-4.85) (0.36-1.11) (0.64-1.78)

Kidneys 0.44 10.04 43 1.32 0.58
(0.38-0.53) (7.41-11.72) (3.85-4.98) (0.87-2.0) (0.33-0.83)

Tumors? 0.77 14.72¢ 8.45 1.72¢ 1.09
(0.25-1.77) (11.94-17.46) (4.34-21.16) (1.07-2.40) (0.50-1.90)

* Mean, (range).

T Range of tumor size = 0.249 to 1.772g.

$p <0.001.

§ p > 0.05 when compared to blood activity of In-111 DTPA MOPC-21 (Table 3).
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FIG. 1. Posteroanterior photograph (top left) and gamma scintigrams
of nude mouse hosting 0.249-g BT-20 human mammary tumor in
left shoulder region. Images obtained at 1, 24, and 48 hr after i.v.
administration of in-111-labeled 10-3D2. In each image, contrast
is normalized to pixel with highest count in scintigram. Tumor is dis-
tinctly visible at 24 and 48 hr, cephalad of liver and splenic activities.

ug). Imaging was performed as in Group b for 6 days.
On the 7th day the animals were killed and biodistribu-
tion determined as described for Group a.

All data from scintillation counting of tissue organs
were also used to calculate figures of merit (signal?/
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noise, shown in the tables) using the formula:

specific activity in tumor
specific activity in blood

X specific activity in tumor/g.

Statistical analysis of the biodistribution data was done
by applying log transformation with one-way analysis
of variance, using the BMDP 1981 software from
UCLA, program BMDP7D. Homogeneity of variances
was checked with the Levine test.

RESULTS

At 48 hr after intravenous administration of 10-3D2,
the blood activity was still high at 7.9% dose/g, but the
tumors were clearly visualized, with uptakes of (14.7 +
2.25)% dose/g (Table 1). These tumors ranged in weight
from 0.2487 g to 1.7718 g in the four mice that survived
to 48 hr. Even in the mouse that died at 19 hr, the tumor
mass of only 0.1415 g was clearly visualized by gamma
imaging.

The corresponding I-125-labeled MOPC-21 IgG
controls showed only (1.72 £ 0.55)% dose/g in the tu-
mors, and a lower blood activity than that of In-111-
labeled 10-3D2. The liver distribution of In-111-labeled
antibody (10.83% dose/organ) and I-125-labeled IgG
control (2.16% dose/organ) were also significantly dif-
ferent. Figure 1 shows the corresponding posteroanterior
gamma images from a representative nude mouse with
BT-20 tumor, obtained at 1, 24, and 48 hr after whole-
antibody injection.

Localization of the radiolabeled 10-3D2 can be ap-
preciated as soon as 1 hr after i.v. injection in some ani-
mals. However the tumors became progressively better
defined with time. When F(ab’), of 10-3D2, labeled with
In-111, was used to image BT-20 in nude mice (n = 8),

TABLE 2. COMPARATIVE BIODISTRIBUTION OF In-111 DTPA 10-3D2 F(ab’); (n = 8) AND In-111
DTPA 10-3D2 Fab (n = 5) IN NUDE MICE HOSTING BT-20 HUMAN MAMMARY TUMORS, AT 48 hr
AFTER Lv. ADMINISTRATION

* Mean + standard deviation.

tp <0.001.

_ in-111 DTPA- F(ab’), (10-3D2) in-111 DTPA Fab (10-3D2)

Organ Weight(g)* % dose/g* % dose/organ® Weight(g)* % dose/g* % dose/organ*
Blood 1.69 £ 0.12 0.32 £ 0.07 0.53 £ 0.12 2.0 £ 0.08 0.20 + 0.04 0.39 £ 0.09
Heart 0.11 £ 0.01 1.04 + 0.13 0.11+ 0.01 0.13 £ 0.01 0.37 £ 0.07 0.05 £+ 0.01
Lungs 0.13 £ 0.02 1.60 + 1.29 0.20 + 0.15 0.16 £ 0.01  0.34 + 0.06 0.06 £ 0.01
Liver 1.40 £ 0.22 455+ 0.76 6.35 + 0.37 1.36 £ 0.16 1.69 + 0.33 2.25 + 0.21
Spleen 0.10+0.02 3.12+0.67 0.32 + 0.08 0.12+0.02 0.93+0.15 0.11+ 0.03
Sm. Intest. 2.55 + 0.37 0.46 + 0.10 1.18 £ 0.29 1.60 £ 0.29 0.29 + 0.04 0.45 £ 0.07
Kidneys 0.38 + 0.02 40.0 1+ 8.86 15.1 + 3.06 0.45 + 0.04 50.0 £ 13.6 225+ 594
Tumors' 0.15 £ 0.09 5.74 + 1.61% 0.81+ 0.42 0.23+0.19 1.14 £ 0.23¢ 0.25 £ 0.17

T Tumor size range for F(ab’), = 0.091 to 0.365 g, for Fab = 0.1176 to 0.5729 g.

Volume 25, Number 5
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FIG. 4. Posteroanterior image of nude mouse hosting BT-20 human
mammary tumor (0.1322 g), at 1, 24, and 48 hr after i.v. adminis-
tration of In-111-labeled MOPC-21. In each image, contrast is nor-
malized to hottest pixel in scintigram. There is some nonspecific
uptake of In-111-labeled MOPC-21 in tumor but activity in blood is
greater.

blood clearance determined at 48 hr [(0.32 £ 0.07)%
dose/g] was faster than that of whole 10-3D2 [(7.9 +
2.2)% dose/g). Tumor uptake of F(ab’)>(10-3D2) at 48
hr was [(5.74 £ 1.61% dose/gm]; but the organs with the
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FIG. 2. Posteroanterior gamma scinti-
grams of nude mouse hosting BT-20
human mammary tumor (0.1004 g), ob-
tained at 1, 24, and 48 hr after i.v. admin-
istration of In-111-labeled F(ab'), fraction
of 10-3D2. Each image is normalized to
pixel with highest count in field of view.
One-hr image (left) showed heart, liver,
spleen, and kidney activities. Tumor was
distinctly visible, however, in 24- and 48-hr
images, on left side, above liver and
splenic activities.

FIG. 3. Posteroanterior images of nude
mouse hosting BT-20 human mammary
tumor (0.1792 g), obtained at 1, 24, and 48
hr after i.v. administration of In-111-labeled
10-3D2 Fab. These images were highly
contrasted in order to visualize the tumors,
therefore computer display showed pixel
saturation in kidneys. With this contrast
enhancement, tumor can be seen clearly
at 24 and 48 hr.

Houras

highest activity were the kidneys. The total biodistri-
bution is shown in Table 2. The images obtained with
F(ab’)2(10-3D2) were clearer and had less background
blood activity, except for kidney activity, as shown in Fig.
2.

Fab fragments of 10-3D2 also showed specific local-
ization in the BT-20 tumors (Table 2). Mean tumor lo-
calization was (1.14 & 0.23)% dose/g at 48 hr after i.v.
injection. Although the liver activity was low at (1.69 +
0.33)% dose/g, the blood activity was lower at (0.2 +
0.04)% dose/g. The highest radioactivity was observed
in the kidneys [(50 + 13.6)% dose/g]. Despite the very
short residence time of Fab in the circulation, visual-
ization of the BT-20 tumor was feasible. The high kidney
activity, however, hindered visualization of the tumors
(Fig. 3) and required maximal contrast enhancement for
tumor display, seen as saturation of the range of the
image display.

When In-111 DTPA MOPC-21 was used as a control
for the imaging of BT-20 human mammary tumors in
nude mice, only blood-pool activity in the tumors was
observed, with no specific localization (Fig. 4). Although
tumors showed (5.8 &+ 1.08)% dose/g activity, the ac-
tivity appears to be mainly due to the blood (Table 3),
as indicated by the figure of merit (4.26) or the 0.74 ratio
of tumor/blood activity (Table 4).

Table 4 shows a comparison of whole 10-3D2, its
F(ab’); and Fab, and the MOPC-21 (control) distribu-
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TABLE 3. BIODISTRIBUTION OF in-111-LABELED
HUMAN MAMMARY TUMORS AT

MOPC-21 IN NUDE MICE (n = 4) HOSTING BT-20
48 hr AFTER l.v. ADMINISTRATION

Organ Waeight* % dose/g* % dose/organ*
Blood 1.83 7.86¢ 14.29
(1.58-2.08) (6.60-8.57) (13.55-15.37)
Heart 0.13 2.59 0.33
(0.11-0.16) (2.08-3.00) (0.29-0.37)
Lung 0.16 4.02 0.62
(0.13-0.17) (3.66-4.41) (0.55-0.69)
Liver 1.58 3.66 5.71
(1.48-1.97) (3.34-4.29) (5.02-6.57)
Spleen 0.09 3.97 0.36
(0.07-0.12) (2.89-4.79) (0.27-0.42)
Sm. Int. 1.78 1.47 2.58
(1.42-2.29) (1.24-1.63) (2.12-3.11)
Kidneys 0.49 5.29 25
(0.39-0.65) (3.84-6.10) (2.42-2.66)
Tumor 0.297 5.78t 1.80
(0.13-0.41) (4.33-6.96) (0.69-2.44)
* Mean (range).

T p < 0.001 relative to tumor localization of 10-3D2 shown in Table 1.
 p > 0.05 compared with blood activity of In-111-DTPA-10-3D2 (Table 1).

TABLE 4. COMPARATIVE TUMOR UPTAKE OF 10-3D2 WHOLE ANTIBODY, F(ab’),, AND Fab

NA: Not applicable.

Tumor Figure Liver
Ab % dose/g (T/8)* of merit? X/Fab?* % dose/g Y/Fab$
1gG 14.7 £ 2.25 1.821 27.43 12.91 7.85 + 0.54 4.64
F(ab), 5.74 + 1.61 17.941 102.96 5.04 4.55 + 0.76 2.69
Fab 1.14 £ 0.23 5.71 6.50 1.0 1.69 £ 0.33 1.0
MOPC-21 5.8+ 1.08 0.74 4.26 NA 3.66 £+ 0.44 NA

* (T/B) = Tumor specific activity/blood specific activity per gram.

1 (Tumor specific activity/blood specific activity) X tumor specific activity per g.

$ Tumor activity of whole 10-3D2 or its F(ab')o/tumor activity of Fab per g.

§ Liver activity of whole 10-3D2 or Its F(ab’),/Fab liver activity per g.

1 p <0.001 relative to (tumor specific activity/blood specific activity) of MOPC-21.

tions relative to Fab localization, with each figure of
merit calculated from the biodistribution data. Ratios
of whole Ab:Fab in the tumor and liver are 12.9 and 4.6,
and F(ab’),:Fab were 5.0 and 2.7. The highest figure of
merit was obtained with F(ab’); next with whole Ab at
27.43, then with Fab at 6.5, and the lowest with control
MOPC-21 at 4.36.

When In-111 chloride was labeled to plasma and ad-
ministered iv. into animals with BT-20
human mammary tumors, uptake of the In-111 activity
in the tumor was (3.8 £ 0.8)% dose/g. The biodistribu-
tion at 48 hr after administration is shown in Table 5.
Although blood activity was only (0.83 % 0.03)% dose/g,

Volume 25, Number 5§

liver uptake [(6.67 + 1.58)% dose/g) was very similar
to that with In-111-labeled 10-3D2 [(7.85 £ 0.54)%
dose/g]. However, the extravascular distribution ap-
peared to be greater than that obtained with In-111-
labeled antibody. Figure 5 shows !''InCl; (labeled
plasma) gamma images of nude mice with BT-20 tumors
at 1, 24, and 48 hr after i.v. injection of 200 uCi of In-111
activity. The definition of the tumor is poor relative to
the images obtained with specific monoclonal 10-3D2
(Fig. 1).

Since the blood activity of In-111-labeled 10-3D2
remained too high at 48 hr after injection, we endeavored
to image a group of six nude mice with BT-20 tumors at
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TABLE 5. BIODISTRIBUTION OF In-111-LABELED MOUSE PLASMA IN NUDE MICE (n = 3) HOSTING
BT-20 HUMAN MAMMARY TUMORS AT 48 hr AFTER Lv. ADMINISTRATION
In-111-labeled plasma distribution
Organ Weight(g)® % dose/g* % dose/organ®

Blood 1.65 0.83 1.53
(1.44-1.83) (0.81-0.86) (1.49-1.59)

Heart 0.12 2.34 0.27
(0.11-0.13) (2.12-2.64) (0.24-0.30)

Lungs 0.15 3.64 0.54
(0.14-0.17) (3.22-4.27) (0.44-0.71)

Liver 1.60 6.67 10.38
(1.29-1.86) (5.45-8.46) (10.09-10.90)

Spleen 0.09 5.12 0.44
(0.07-0.11) (3.73-6.92) (0.28-0.50)

Sm. Intest. 1.65 2.71 438
(1.44-1.97) (2.33-3.46) (3.57-4.99)

Kidneys 0.42 16.65 7.67
(0.38-0.61) (13.21-19.79) (6.50-8.45)

Tumor 0.53 3.80 2.06
(0.38-0.75) (2.89-4.44) (1.31-3.34)

* Mean (range).

1hr,1,2,3,4,5,and 6 days after administration of the
radiolabeled 10-3D2. Table 6 shows the biodistribution,
performed on Day 7. Blood activity was reduced to (5.74
4+ 0.4)% dose/g on the 7th day, whereas mean tumor
activity was increased to (21.97 + 4.44)% dose/g. Blood
activity of control I-125-labeled myeloma IgG was (2.35
+ 0.40% dose/g in these same animals, and the mean
tumor activity was only (1.05 + 0.29)% dose/g. How-
ever, when distribution of In-111-labeled 10-3D2 was
studied by the same protocol in another group of nude
mice hosting another line of human mammary tumor
(HS-578T) (Table 7), mean blood activity of In-111-
labeled 10-3D2 at 7 days [(7.45 * 4.15)% dose/g] was
very similar to that of the nude mice hosting BT-20 tu-

Hours

1 Hour 24
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mors [(5.74 + 0.4)% dose/g]. Mean tumor uptake was
significantly less at (7.97 + 2.41)% dose/g than in BT-20
tumors [(21.97 + 4.44)% dose/g]. Distribution of In-
111-labeled 10-3D2 in the other organs was very similar
in the two groups of mice studied.

Representative gamma images are shown for nude
mice hosting BT-20 (Fig. 6) and HS-578T (Fig. 7), ob-
tained at 1 hr,and 1, 2, 3, 4, 5, and 6 days, together with
the corresponding figures of merit. The data obtained
by gamma imaging were used to determine the figure of
merit for distribution of In-111-labeled 10-3D2 in mice
with BT-20 and HS-578T. Figures of merit calculated
from computer planimetry compared tumor activity with
blood activity in the head region of the individual ani-

FIG. 5. Control posteroanterior images of
nude mouse hosting BT-20 human mam-
mary tumor (0.3752 g), obtained at 1, 24,
and 48 tr after i.v. administration of 11inCl3
plasma. Although outline of tumor can be
observed in each image, there is no ap-
parent specific accumulation of In-111
transferrin in tumor.
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TABLE 6. BIODISTRIBUTION OF In-111 DPTA 10-3D2 AND [-125 M,lgG IN NUDE MICE (n = 5)
HOSTING BT-20 HUMAN MAMMARY TUMORS, AT 7 DAYS AFTER l.v. INJECTION

* Mean + standard deviation.

In-111 DPTA 10-3D2 125 .G
Organ Weight* % dose/g® % dose/organ® % dose/g* dose/organ®
Blood 2.09 £ 0.23 5.74 + 0.40 11.94 £ 0.83 235+ 0.40 490 + 1.05
Heart 0.15 £+ 0.02 2.47 + 0.51 0.37 + 0.09 0.99 £ 0.31 0.15 + 0.06
Lungs 0.18 £+ 0.02 3.18 +£ 0.53 0.58 + 0.05 1.14 £ 0.34 0.21 £ 0.05
Liver 1.65 £ 0.33 6.25 + 1.49 9.99 + 1.05 0.77 £ 0.13 1.28 + 0.31
Spleen 0.12 £+ 0.04 8.40 + 1.22 1.02 £ 0.22 1.38 £ 0.51 0.16 + 0.03
Sm. Intest. 2.48 + 0.54 1.27 £ 0.27 3.04 £+ 0.40 0.38 £ 0.12 0.94 + 0.32
Kidneys 0.50 £ 0.08 6.75 + 2.08 3.20 4+ 0.66 0.85 + 0.23 0.41 £+ 0.07
Tumor 0.83 + 0.34 21.97 + 4.44 17.77 £ 5.90 1.05 £ 0.29 0.92 + 0.57

mals. Indium-111-labeled 10-3D2 appeared to be more
avid for BT-20 than for HS-578T. This has been re-
ported also for in vitro binding studies (25).

Optimal localization of the radiolabeled 10-3D2 for
imaging BT-20 tumors appears to occur at Day 4 after
i.v. injection, whereas figures of merit indicated that
optimal ratios for HS-578T occur on Day 1 or 2. When
BT-20 tumors were implanted in the upper abdominal
region, lying over the liver and spleen, tumors can still
be visualized (Fig. 8). Tumor uptake at 7 days was
(19.03 + 8.01)% dose/g, with tumor size ranging from
0.085 t00.404 g (0.192 + 0.144 g).

DISCUSSION

The monoclonal antibody 10-3D2 used in this study
was developed and characterized by Soule and co-

workers (25). This antibody, raised to human mammary
carcinoma cells, recognizes a 126-kd phosphogly-
coprotein (pgp) associated with cells of a variety of
human carcinomas. It does not bind normal mammary
epithelium, a variety of control cell lines, or homogenates
of normal human tissues. However, it had low but sig-
nificant cross-reactivity with certain other neoplastic cell
lines, including melanoma M-14, choriocarcinoma
JAL-C2, lung carcinomas COLO-338 and A-549, and
colon carcinoma COLO-463. It appears that 10-3D2
recognizes a tumor-associated antigen that frequently
appears in mammary carcinoma; recent immunohisto-
chemical studies have demonstrated reactivity with
virtually all cells of all of 43 carcinomas of the breast,
including different histologic types (Bacchi et al., un-
published). The target antigen is not specific for malig-

TABLE 7. BIODISTRIBUTION OF In-111°DPTA°10-3D2 IN NUDE MICE (n = 4) HOSTING HS-578T
HUMAN MAMMARY TUMORS, AT 7 DAYS AFTER lv. INJECTION

In-111-M-Ab-10-3D2
Organ Wt (g)* "% dose/g*® % dose/organ”®
Blood 1.76 7.45 12.62
(1.52-1.92) (2.42-12.54) (4.66-19.06)
Heart 0.12 2.86 0.34
(0.11-0.15) (1.81-3.72) (0.26-0.47)
Lungs 0.16 4.35 0.68
(0.12-0.20) (2.66-5.92) (0.54-0.78)
Liver 1.53 8.74 12.54
(1.41-1.64) (8.10-9.23) (10.01-13.83)
Spleen 0.14 11.08 1.45
(0.09-0.25) (8.77-14.81) (0.85-2.21)
Sm. Intest. 1.93 1.90 3.58
(1.41-2.28) (1.54-2.74) (2.93-4.04)
Kidneys 0.95 7.47 3.33
(0.42-0.50) (5.28-9.51) (2.24-4.12)
Tumor 0.39 7.97 3.54
(0.19-0.72) (5.74-11.39) (1.11-8.24)
* Mean (range).
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FIG. 6. Photograph (upper left) and posterior scintigrams of representative nude mouse hosting BT-20 human mammary tumor, obtained
at1hr,and 1, 2, 3, 4, 5, and 6 days after i.v. administration of in-111-labeled 10-3D2. For each image, figure of merit (see text for explanation)
is plotted below. Highest figure of merit was obtained at Day 4 and this is confirmed by highest-quality image obtained at Day 4.
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FIG. 7. Posteroanterior images of representative nude mouse hosting HS-578T human mammary tumor, obtained at 1 hr, and 1, 2, 3,
4, 5, and 6 days after |.v. administration of in-111-labeled 10-3D2. Corresponding figures of merit are plotted below. Highest figure of
merit was obtained between Days 1 and 2.
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FIG. 8. Posteroanterior images of representative nude mouse
hosting BT-20 human mammary tumor (0.1268 g) in upper abdom-
inal region (top left panel), obtained at 1hr,and 1, 2, 3, 4, 5,and 6
days after i.v. administration of In-111-labeled 10-3D2. Tumor can
be seen clearly even by Day 1, despite its location over spieen and
liver.

nant cells, since the benign neoplastic epithelium of fi-
broadenomas of the breast was also positive, but the
expression of the 126-kd pgp on proliferating benign
mammary epithelium should not preclude effective ap-
plication.

The antibodies were labeled with In-111 by a tech-
nique initially developed for labeling antimyosin Fab to
locate and visualize experimental myocardial infarctions.
However, this method of labeling Fab(10-3D2) with
In-111 at acidic pH could cause denaturation of the Fab.
Therefore, a modified method uses indium chloride in
a solution of a weak chelator, such as citrate buffers at
pH 5.5. The labeling of DTPA-antibodies in 0.3M
phosphate buffer, pH 8.0, was achieved by simple ad-
dition of this solution to the In-111 citrate solution.
Transchelation of In-111, from a weak chelate such as
citrate, to a strong chelate such as DTPA, was readily
achieved. An average specific activity of 10 mCi/mg
DTPA-antibody is usually achieved by this labeling
procedure. The mild condition of labeling does not de-
nature antibodies and their fragments. This is evident
by the low in vivo liver uptake of In-111-labeled anti-
bodies, which for intact 10-3D2 was (7.85 £ 0.54)%
dose/g; for F(ab’); (4.55 + 0.76)% dose/g; and for Fab
fragments (1.69 + 0.33)% dose/g, at 48 hr after i.v.
administration (Tables 1 and 2). Recently, Scheinberg
and co-workers (22) used an In-111-labeled monoclonal
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antibody-DTPA complex to image murine erythroleu-
kemic spleen. Similarly, Hnatowich and co-workers (23)
imaged human colorectal xenograft in nude mice. Both
groups observed the mildness of the labeling proce-
dure.

The image quality obtained with In-111-labeled
10-3D2 for visualization of BT-20 hosted in nude mice
permitted tumor detection as early as 24 hr after i.v.
administration of the radiolabeled monoclonal antibody
(Fig. 6). In some animals, distinct uptake of In-111 ac-
tivity in the tumors can be seen as early as 1-2 hr after
i.v. administration of the antibody. Whether this rep-
resented visualization of only blood-pool activity is not
known. The tumors were readily visible even when they
lay over the spleen and liver (Fig. 8). The calculations
of figure of merit demonstrate that the best target-to-
background (blood activity) ratios for image visualiza-
tion were obtained between 2 and 4 days when intact
10-3D2 labeled with In-111 was used to image BT-20
human mammary tumor. However, when In-111-labeled
10-3D2 was used for visualization of HS-578T, the best
target-to-background ratios were obtained between 1
and 2 days after i.v. injection (Fig. 7). Comparison of the
figures of merit by calculation from biodistribution data
between intact 10-3D2 and its F(ab’), and Fab frag-
ments, at 48 hr after i.v. injection (Table 4), showed that
the normalizedrtarget-to-background ratios were 27.43,
102.96, and 6.5, respectively. This indicated that F(ab’),
fragments of 10-3D2 are best suited for tumor detection
and display by gamma imaging at 48 hr after antibody
administration; intact 10-3D2 was next, while Fab was
poor (Fig. 3). The corresponding figure of merit for
nonspecific MOPC-21 myeloma IgG, was the lowest,
at 4.23. This is reflected in the poor images obtained
(Fig. 4).

One major obstacle not evident in the calculations of
figure of merit of F(ab’), for visualization of tumors is
the high radioactivity in the kidneys [(39.96 + 8.86)%
dose/g]. This is probably due to active filtration of the
F(ab’); by renal clearance. It can mask detection and
visualization of tumor masses in the vicinity of the kid-
neys. By waiting longer than 48 hr and using a radiolabel
of sufficiently long half-life such as In-111 (2.7 days),
it may be possible to visualize tumors close to the kidneys
after the kidneys have excreted most of the F(ab’),
fragments. If time is no obstacle, whole antibody appears
to be best for tumor imaging, since there is progressive
accumulation of radiolabeled antibody in the tumors
(14.72% dose/g at 48 hr rises to 21.97% dose/g at 7
days), liver activity is minimal, and no other organs are
visible by gamma imaging. Fab, however, is cleared from
the circulation too quickly for appreciable tumor de-
tection. Despite this low uptake, gamma imaging of the
mammary tumors with In-111-labeled 10-3D2 Fab is
still feasible.

Wilbanks and co-workers (37) used iodine-131-la-
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beled Fab of antibodies specific to murine mammary
epithelial antigen (MME) to image murine mammary
tumors, and obtained (0.87 + 0.26)% dose/g of the
antibody in the tumor at 24 hr after injection. The total
blood activity was only 1% of the injected dose. When
intact anti-MME was used, (2.54 + 0.23)% dose/g was
observed. Although their and our data are similar, up-
takes obtained in our study at 48 hr after injection of Fab
and intact monoclonal 10-3D2 are greater (1.14 3 0.23%
dose/g and 14.72 + 2.25% dose/g respectively). Tumor
uptake of intact 10-3D2 was 8.6 times greater than
nonspecific adsorption or blood-pool activity of ra-
dioiodine-labeled control myeloma IgG, whereas Wil-
banks et al. (37) obtained specific uptake only 1-8 times
the nonspecific. More recently, Wahl and co-workers
(24) observed that iodine-131-labeled F(ab’), of mo-
noclonal anti-CEA was better than intact antibody or
Fab, giving more rapid specific tumor detection. The
present study showed, however, that although F(ab’),
of 10-3D2 had the highest normalized ratios of tumor
activity to blood activity (Table 4), the gamma images
demonstrated that intact 10-3D2 provided the best im-
ages of human mammary tumors hosted in nude mice
(Fig. 6).

The above observations should be valid for tumor
imaging with antibodies specific for tumor-associated
antigens that are not secreted or released into the cir-
culation. It is unlikely that 126-kd pgp identified
‘by hybridoma antibody 10-3D2 is shed and
interacts with the labeled antibody at sites remote from
the tumor. When BT-20 or AY-726 breast-carcinoma
cells were intrinsically labeled in culture with S-35 me-
thionine, and the medium was subjected to immu-
noprecipitation with 10-3D2 antibody, no antigen could
be demonstrated, although 126-kd pgp was clearly demon-
strable in detergent lysates of the cell (25). The apparent
shedding of the cellular antigen in vitro under conditions
where detection is readily analyzed suggests that this is
not a secretory protein, and interaction with antibody in
the plasma should not be a significant issue. Tumors
producing oncofetal proteins that are released into the
circulation, such as CEA (16), alpha-fetoprotein (/4),
and other tumor-associated antigens (8,38) may dem-
onstrate a different figure of merit, since circulating
tumor-associated antigens could interfere with the
normal circulation and clearance of the administered
antibodies. Whether intact antibody, F(ab’),, or Fab is
most effective for the imaging of tumors that secrete
tumor-associated antigens into the circulation must be
determined individually. Our study also demonstrated
that different human mammary-tumor lines, with dif-
ferent in vitro binding capacity by 10-3D2 (25), showed
different in vivo localization and quality of tumor images.
The BT-20 human mammary-tumor line showed the
highest in vitro binding of 10-3D2, and also had very high
in vivo localization of the In-111-labeled 10-3D2: (21.97
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+ 4.4)% dose/g at 7 days after i.v. injection. HS-578T,
which had lower in vitro 10-3D2 binding (25), also had
low in vivo localization of 10-3D2 [(7.97 £ 2.41)%
dose/g] at 7 days. The figure of merit (Fig. 6) shows that
normalized best uptake-to-background activity of 10-
3D2 for BT-20 occurred between 2 and 4 days, and for
HS-578T, between 1 and 2 days (Fig. 7). This indicated
that with BT-20 tumors there was continuous concen-
tration of radiolabeled 10-3D2 until 4 days, whereas
HS-578T tumors showed possible saturation of binding
by radiolabeled 10-3D2 as early as 1 to 2 days.

Thus, this study demonstrated that the labeling of
antibody, F(ab’),, or Fab with In-111 through the use
of a bifunctional chelator, DTPA, is a very gentle process
that causes no apparent denaturation. Indjum-111-
labeled monoclonal antibody 10-3D2, specific for a
126-kd pgp tumor-associated antigen, can be used to
visualize tumors hosted in nude mice by gamma scin-
tigraphy. At least in this model, where no circulating
tumor-associated antigen is detectable, F(ab’), frag-
ments of 10-3D2 provided better target-to-background
ratios for gamma imaging at 48 hr after i.v. adminis-
tration, compared with intact 10-3D2 or its Fab frag-
ments. And finally, human mammary tumors with
possible differential concentration of the tumor-associ-
ated antigen 126-kd pgp showed different rates of uptake
and saturation with monoclonal antibody 10-3D2.
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