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ABSTRACT

The ability of radiolabeled monoclonal antibodies to accumu
late in and image small human tumors growing in the spleen of
athymic mice was assessed. The antibodies B6.2 and B72.3,
which reacted against human breast (Clouser) and colon
(LS174T) tumor cells in vitro and in vivo, respectively, and the
isotype matched anti-horseradish peroxidase antibody which did

not bind to these tumors were used in pharmacokinetic and
imaging experiments. Human melanoma cells and tumors (A375)
which did not react with any of the three antibodies were used
as additional controls. Radioiodinated "tumor specific" and non

specific antibodies were injected i.v. into athymic mice bearing
intrasplenic tumors and the mice were sacrificed at various times
to assess the specificity of uptake of these antibodies into tumor
and normal host tissues.

The accumulation of B6.2 in the Clouser tumor was maximal
at 24 h as indicated by a localization index (specific/nonspecific
antibody in tumor divided by the same ratio in blood) of about
4.0. The uptake of B72.3 in LS174T tumor increased with time
with a localization index of about 12.0 observed at 50 h post-
antibody injection. Localization indices for the control A375 tumor
and for all normal mouse tissues, including the uninvolved portion
of the tumor bearing spleen, were between 0.8 and 1.0, thus
indicating no specific antibody accumulation. The relative blood
flows of the Clouser and A375 tumors, as determined by the
^RbCI method, were similar. The results suggested that immu-

nospecificity was a major factor in antibody localization in vivo.
Specific images of approximately 100-mg Clouser tumors with

radiolabeled B6.2 and of LS174T tumor with radiolabeled B72.3
were seen by 24 h after antibody injection. Images of smaller
(about 20 mg) LS174T tumors were seen by 48 h following
B72.3 injection. The control antibody, anti-horseradish peroxi

dase, did not image either Clouser or LS174T tumor. Also the
control tumor was not imaged with any of the three antibodies
tested.

The data generated with this novel animal model support the
concept of using radiolabeled monoclonal antibodies for detect
ing and possibly treating small metastatic visceral tumors in
cancer patients.

INTRODUCTION

The ability to detect small deep-seated metastatic tumors

using radiolabeled monoclonal antibodies has significant clinical
importance (1-5). Most of the published data on tumor imaging

by radiolabeled monoclonal antibodies in animal models have
used relatively large superficial tumors (6-8). The pharmacoki-

netics of monoclonal antibodies in and imaging of small clinically
relevant sites has rarely been demonstrated. Some recent stud

ies have used the mouse subrenal capsule model for antibody
localization and imaging studies (2, 9-12). In the present work,

we have explored the spleen of the nude mouse as an alternate
site for supporting human tumor growth. The spleen was chosen
instead of the commonly used s.c. site on the mouse flank since
it is located near well-perfused organs such as the kidneys and

liver. Antibody accumulation by these organs could potentially
interfere with specific tumor imaging by radiolabeled monoclonal
antibodies and better reflects the clinical situation. Preliminary
work has shown the feasibility of using the intrasplenic tumor
model for antibody localization studies (9, 12).

Thus the pharmacokinetics of the monoclonal antibodies B6.2
and B72.3 in an intrasplenic human mammary carcinoma and a
human colorectal carcinoma target tumor were compared. A
human melanoma and a nonspecific antibody were included as
controls. The ability of tumors and normal mouse tissues to
accumulate antibodies was compared to their relative blood
perfusion in order to further characterize this new tumor model.

MATERIALS AND METHODS

Tumors. A human melanoma tumor (A375), two human infiltrating
duct cell carcinomas of the breast (Clouser and MCF-7), and a human

colorectal carcinoma (LS174T) were used in the present work. The
LS174T, MCF-7, and A375 tumors were maintained as tissue culture
cell lines. Clouser was carried as a solid tumor in 4-5-week-old female

athymic nu/nu mice of a BALB/c background (Charles River, Inc., Wil
mington, MA). The LS174T tumor was obtained from the American Type
Culture Collection (Rockville, MD). The MCF-7, A375, and Clouser tu

mors were obtained from the National Cancer Institute (13). Donor s.c.
tumors were induced by injecting either 3 x 106 A375 cells, 2 x 106

LS174T cells, or Clouser slices [0.2 ml of a 20% (w/v) mince in RPMI
1640 medium; M. A. Bioproducts, Walkersville, MD] into the flanks of
athymic mice. Intrasplenic tumors were initiated by implanting a 1-mm3

tumor piece from s.c. growths into the spleen bed towards the other
visceral organs using a 16-gauge trocar. Imaging and biodistribution
experiments were performed at 14-17 days after tumor implantation.

Tumors of up to 100 mg grew entirely within the spleen, whereas tumors
larger than 100 mg grew partly in the spleen and partly in the abdominal
cavity.

Radioiodinated Monoclonal Antibodies. The murine monoclonal an
tibodies B6.2 and B72.3 were obtained from Dr. J. Schlom of the National
Cancer Institute. The B6.2 antibody binds to Clouser, MCF-7, and

LS174T tumor cells, whereas B72.3 antibody binds to only the LS174T
tumor cells. Methods for generating these antibodies and the radiolabel-
ing procedure with Na'25l or Na'31l by the iodogen method have been
published previously (13). The anti-HRP2 monoclonal antibody, prepared

by the Immunology Research Department of DuPont, served as a control
antibody for the present work. All three antibodies were subclass
matched IgGls.

Assay of Immunoreactivity of the Radioiodinated Antibodies Using
Live Cells. Labeled antibody (2 ng) was added to either LS174T, MCF-

1To whom requests for reprints should be addressed.
Received1/10/85; revised 6/11/85; accepted 7/25/85.

2The abbreviationsused are: anti-HRP,anti-horseradishperoxidase; ID, injected

dose; LI, localization index.
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7, or A375 tumor cell suspensions and incubated at 37Â°Cfor 2 h. The
cell number ranged from 3 x 104 to 2 x 107 cells/0.1 ml RPMI medium

containing 1% bovine serum albumin. At the end of the incubation period,
the cells were washed twice with RPMI in microfuge tubes using a
Beckman B high speed bench centrifuge. The amount of antibody bound
to the cells was determined by counting the cell pellets in a gamma
scintillation counter.

Tumor Imaging and Pharmacokinetics of Antibodies. For imaging
studies, groups of four to six athymic mice bearing intrasplenic tumors
were given injections via the tail vein of 25-50 iiC\ '31I-B6.2 (specific

1I-B72.3 (specific activity, 26.35 , oractivity, 23.3 nCi/^
anti-HRP (specific activity, 42.95 jiCi/ng). The gamma camera images
were obtained using a Med-X-modified Pho/Gamma HP Camera (Nu
clear-Chicago) fitted with a 4-mm pinhole collimator. Nembutal (0.83 mg

pentobarbitone sodium i.p.; Abbott Laboratories, North Chicago, IL)
anesthetized mice were positioned with the dorsal surface facing the
camera, and each image was formed by the accumulation of 100,000
counts.

Biodistributions were performed on mice given injections of 4-6 /Â¿Ci
of '31l-labeled specific antibody (either B6.2 or B72.3 for Clouser and
LS174T tumors, respectively) and about an equal amount of 125l-labeled

nonspecific antibody anti-HRP. Groups of four to six mice were sacrificed

by cervical dislocation at the indicated times and radioiodine content of
various tissues was determined by using a gamma counter. The results
were expressed as ID of antibody per g wet weight of tissue. The LI was
calculated using the formula (14)

LI =
Specific/nonspecific antibody in tumor

Specific/nonspecific antibody in blood

Blood Flow Measurement. The relative blood perfusion was esti
mated indirectly by fractional distribution ofM RbCI (specific activity, 5.23

mCi/mg; DuPont/NEN Products, North Billerica, MA) (15). This isotope
when injected i.v. becomes distributed between tissues in a concentra
tion proportional to the tissue fraction of the cardiac output (16). A
miniature cadmium-telluride probe (1- x 1-mm CdTe crystal; Radiation

Monitoring Devices, Watertown, MA) placed over the tumor growing
either in spleen or kidney or on the hind thigh muscle was used to
determine the kinetics of ""Rb accumulation in the various tissue. These
studies showed that the ""Rb content of the organs reached a plateau

level about 2 min after i.v. injection. Therefore mice were sacrificed 2
min after injection of 75 Â¿iCîRb and the relative blood perfusion values
were calculated as percentage of ID ^Rb/g tissues. MRb content of the

tissues was determined by counting the tissues in a gamma scintillation
counter.

RESULTS

Binding of Antibodies to Tumor Cells in Vitro. Chart 1 shows
the in vitro Â¡mmunoreactivity of radioiodinated B6.2 and B72.3
with either MCF-7, LS174T, or A375 tumor cells. The binding of
either B6.2 or B72.3 (2 ng protein of each antibody) with MCF-7
and LS174T target tumor cells, respectively, increased with
increasing cell number. Maximal binding of B6.2 with the MCF-7
tumor cells was 90% under the experimental conditions used.
Since the B6.2 localized similarly in s.c. MCF-7 and Clouser
tumors in athymic mice,3 the MCF-7 cell line was routinely used

to assess the Â¡mmunoreactivity of radioiodinated B6.2 prior to
animal injection. Approximately 30% of the added B72.3 bound
to 2 x 107 LS174T tumor cells. No significant binding of either

B6.2 or B72.3 was observed with the antigen negative A375
tumor cells (Chart 1). From 3 to 5% of the control antibody, anti-
HRP, bound nonspecifically to either MCF-7, LS174T, or A375
tumor cells (2 x 107; data not shown).
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Chart 1. Binding of radioiodinated B6.2 and B72.3 to either MCF-7, LS174T, or
A375 live tumor cells in vitro. Two ng protein of 131I-B6.2(23.3 iiC\lng) or 131I-B72.3

(26.35 Â¿iCi/^g)were assayed for immunoreactivity with the three cell types incu
bated at 37Â°Cfor 2 h.
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Chart 2. Clearance of B72.3 or B6.2 and anti-HRP (aHRP) from blood (XI),liver
(B), kidneys (C), and uninvolved spleen (D) of nude mice bearing intrasplenic human
tumors. Radioiodinated antibodies were injected i.v. at 14-17 days after tumor
implant and tissues (wet weight) from five mice at each time point were analyzed
for 131Iand 1KI activity. Either "'I-B72.3 or 131I-B6.2was injected into mice bearing
either intrasplenic LS174T or Clouser tumors, respectively. 125l-anti-HRP was used

as nonspecific antibody control in each experiment. The blood clearances of either
131I-B72.3 or 125I-B6.2 (common line) shown by * were from nude mice bearing
control A375 intrasplenic tumors. â€¢,blood clearance of 13tl-B72.3 in LS174T tumor
bearing mice; â€¢blood clearance of ""I-B6.2 in Clouser tumor bearing mice; A,
blood clearance of 1isl-anti-HRP in either LS174T or Clouser tumor bearing mice

with similar results.

Pharmacokinetics of Antibodies and Localization Index.
Blood clearances of B72.3, B6.2, and anti-HRP in either Clouser
or A375 tumor-bearing mice were similar (Chart 2). The B72.3
(but not anti-HRP) cleared more rapidly from the blood of LS174T
tumor-bearing mice than from the blood of A375 tumor-bearing

animals. The blood values of approximately 35% ID/g at 5.5 h
decreased to approximately 6.8% ID/g by 24 h and thereafter.

CANCER RESEARCH VOL. 45 NOVEMBER 1985

5825

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2421043/cr04511p25824.pdf by guest on 19 M

ay 2023



RADIOIMMUNODETECTION OF HUMAN TUMORS IN SPLEEN

Uptake of all three antibodies by liver, kidneys, or normal spleen
was similar at all times examined, i.e., 7-10% ID/g at 5.5 h and
about 3-7% ID/g at 24-75 h following antibody injection (Chart
2, B-D).

The accumulation of 131I-B72.3in LS174T tumor decreased

with the increasing tumor mass (Chart 3). This relationship was
observed for LS174T tumors of varying size within the same
group of mice examined at 24, 48, and 75 h following antibody
injection. No such relationship was observed for the accumula
tion of either B6.2 in Clouser (Chart 30) or B72.3 uptake by the
A375 tumor (Chart 3C).

Specific accumulation of B72.3 in LS174T tumor was about
22.9 Â±8.5% ID/g at 5.5 h and about 36.2 Â±12.5% ID/g at 75 h
following antibody injection (Chart 4). The relatively large SE
observed may be the reflection of the range of tumor sizes (20-
990 mg) studied. Accumulation of the nonspecific antibody anti-
HRP in LS174T tumor was about 8% ID/g throughout the 75-h
study period. The LI for the LS174T tumor increased from 3.3 Â±
1.2 at 5.5 h to 12.6 Â±3.0 at 50 h and then decreased to 8.9 Â±
1.0 at 75 h following antibody injection. The normal part of the
tumor-bearing spleen and all other normal organs in these mice
had Li's of approximately 1 (Chart AB).

Specific accumulation of B6.2 in Clouser tumor increased from
11.8 Â±3.2% ID/g at 5 h to 21.9 Â±4.5% ID/g at both 24 and 48
h after antibody injection. The B6.2 content of Clouser tumor
decreased to 16.5 Â±3.5% ID/g by 72 h (Chart 4A).Accumulation
of the nonspecific antibody anti-HRP in Clouser tumor remained
at 6% ID/g throughout the study. The Lis in Clouser tumor
increased from 1.7 Â±0.2 at 5 h after antibody injection to about
4.0 Â±0.4. The Lis for normal organs including the normal part
of the tumor bearing spleen remained approximately 1 at all
times examined (Chart AB).
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Chart 4. Localization of 131I-B72.3, 131I-B6.2, and 125l-anti-HRP (aHRP) in intra

splenic tumors. In A, tumors from five nude mice at each time point were analyzed
for 131Iand 'Z5I activity. Tumor types and antibody localized are indicated. In B,

localization indices for LS174T, Clouser, and A375 tumors were derived from data
shown in Charts 2A and 4A as described in the text.

Table1
Blood flow and antibody localization in intrasplenic human tumor xenografts

Each figure is the mean value obtained from five to seven nude mice Â±SE.
Biodistribution studies in tumor bearing mice were performed at 2 min after "Rb

injection or at 24 h following B6.2 administration.

% of ID/g
(mean Â±SE)TissueClouser

A375Normal
spleen

Kidneys
LiverLungs

MuscleSkin"Rb(2

min)3.30

Â±0.97
3.20 Â±0.818.26

Â±2.12
35.36 Â±4.00

5.41 Â±0.3515.43
Â±3.29

1.47Â±0.063.46
Â±0.56â€¢I-B6.2(24

h)22.97
Â±2.99a

5.14 Â±0.37a4.90

Â±0.82
3.21 Â±0.36
4.21 Â±0.825.59

Â±0.68
1.73Â±0.246.55

Â±0.64

Charts. Effect of tumor size on accumulation of 131I-B72.3or 131I-B6.2in
LS174T (A), Clouser (B), and A375 (C) intrasplenic tumors. Other details were as
for Chart 2.

" P < 0.05 (Student's ( test): Clouser versus A375.

The uptake of either B6.2 or B72.3 by the control A375 tumor
decreased from about 5% ID/g at 5.5 h to about 2% ID/g 72 h
after injection. The Lis for both the A375 tumor and normal
organs were approximately 1 (Chart 4B).

TumorBloodFlowand AntibodyLocalization.Despiteequiv
alent perfusion of intrasplenic Clouser and A375 tumors, Clouser
tumor showed a 4-fold greater accumulation of B6.2 compared
to the A375 tumor (Table 1). Blood flow to the normal part of
tumor bearing mouse spleen was about 2.7 times greater than
that to the Clouser tumor itself and yet no specific antibody
accumulation was seen in normal spleen. The relative blood
flows of well perfused organs such as lung and kidneys were 5
and 12 times more, respectively, than in the Clouser tumor. No
specific B6.2 accumulation was observed in these organs. The
blood perfusion of skin and liver was equal to that of Clouser
tumor and no specific antibody localization was observed in
these tissues. These results suggest that the B6.2 accumulation
in intrasplenic Clouser tumor must be due to the immunospeci-
ficity of the antibody for this tumor since the isotype matched
nonspecific antibody anti-HRP also showed no significant accu
mulation.

Tumor Imaging. Excellentimagesof the Clousertumorwere
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seen in six of seven mice at either 24 or 48 h after 131I-B6.2

injection. The mouse that did not image was subsequently found
to have had no tumor growing in the spleen. The weight range
of Clouser tumors studied was between 104 and 510 mg. The
control antibody anti-HRP did not image Clouser tumors of similar
size. Fig. 1 shows whole body images of 104-141-mg Clouser
tumors 24 h after injecting either 131I-B6.2or 125l-anti-HRP.

Twelve mice, six each with either LS174T or A375 intrasplenic
tumors, were imaged for up to 5 days after injecting either 131I-
B72.3 or 125l-anti-HRP. At 24 h post-antibody injection, mice with

LS174T spleen tumors of about 300 mg gave outstanding im
ages with 131I-B72.3. These mice showed little or no background

activity. An additional mouse which had a 22-mg tumor in the
spleen started to show localization at 48 h post-antibody injection

(Fig. 2) and then showed a dramatic tumor specific image at 120
h. The control antibody did not image either intrasplenic LS174T
or A375 tumors weighing up to 300 mg. The control A375 tumor
failed to image with B72.3 at any of the time points studied (Fig.
3). There was no sequestering of the antibody by the A375
tumor.

DISCUSSION

Most of the published work on tumor detection with radiola-

beled antibody have dealt with relatively large s.c. tumors that
do not resemble the visceral sites and sizes of clinical mÃ©tas
tases. This is the first detailed report demonstrating the feasibility
of localizing small human breast and colon tumor xenografts by
radiolabeled monoclonal antibodies in a deeply seated visceral
organ such as the spleen. Previously a spleen model to localize
a viral induced murine erythroleukemia with indium labeled mono
clonal antibodies was used by Scheinberg er al. (17). The smallest
human tumor xenograft detected in the present study was a 22-

mg LS174T colorectal tumor. This represents approximately 1/
1000 of mouse body weight. This tumor was clearly visible by
48 h following i.v. 131I-B72.3 injection. Routinely LS174T and

Clouser tumors between 80 and 100 mg were specifically imaged
24 h after the injection of the tumor specific radioiodinated
antibodies. The tumor size is an important parameter to consider
while developing animal models that represent clinically relevant
evaluation systems (2, 18, 19). Recently several laboratories
have used tumors growing in the subrenal capsule for the
evaluation of therapeutic (20) and radiodiagnostic (2, 9-12)

agents. The subrenal and the more recent intrasplenic models
described here may better reflect clinical conditions since they
are located in the visceral sites and have much greater perfusion
rates compared to the s.c. tumor growths commonly used for
imaging studies (12).

The ultimate tumor uptake of antibody will largely depend on
the immunospecificity of the antibody under study, although the
initial delivery of antibody to the tumor would be expected to be
blood flow dependent. The blood flow of both Clouser and A375
tumors was similar. The normal part of the tumor bearing spleen
(with about 2.5 times greater blood flow than the tumor) showed
no specific uptake of B6.2. Other highly perfused organs, such
as kidneys and lungs, showed no specific accumulation of B6.2
(or of B72.3 in the case of LS174T tumor bearing mice). There
fore the differences observed in antibody uptake between anti
gen positive and antigen negative tumors, as well as normal
tissues, reported here were not related to blood flow but were
due to the immunospecificity of the antibodies.

Tumor size may play a role in degree of antibody localization.
Smaller intrasplenic LS174T tumors showed better antibody
accumulation than did larger tumors (Chart 3). Similar observa
tions were made for this colon tumor grown s.c. in the athymic
mice.4 Moshakis ef al. (14) have also observed better antibody

localization in smaller human germ cell tumor (Hx39) xenografts.
The considerable variation seen in specific antibody uptake by
small Clouser tumors (Chart 3) may be due to antigenic hetero
geneity. In contrast to the LS174T/B72.3 system, size depend
ence of uptake of antibody by the Clouser tumors was not
observed. The differences in antigenic expression between the
two tumor types may account for the observed variations in size
dependence of uptake of antibody in the LS174T tumor but not
in the Clouser tumor. It should be recognized that different
antibodies can have different in vivo binding patterns depending
on tumor type. Autoradiographic analysis has shown diverse
patterns of antigen localization in LS174T and Clouser tumors
(21). The localization of 125I-B72.3 in the LS174T tumors was

characterized by the binding of antibody to noncellular antigen
dense mucin globules. In contrast the antigen for B6.2 in the
Clouser tumor was found to be cell surface associated. The
binding of B6.2 in the Clouser tumors was restricted to small
"nests" of cells scattered throughout the tumor.

The data presented clearly showed that radiolabeled monoclo
nal antibodies can specifically localize in small deeply seated
human tumor xenografts in sufficient quantity to produce excel
lent gamma camera images. Further preclinical evaluation of
radiolabeled antibodies should use appropriate animal models in
order to take into consideration both the small size of human
tumor mÃ©tastases in relation to body weight and the visceral
location of many mÃ©tastases (2, 18, 19). Cutaneous and s.c.
mÃ©tastasesdo occur in humans; for these mÃ©tastasesdermal
sited tumors are a reasonable model; otherwise they are only an
experimental convenience. The ideal test systems should include
nonspecific monoclonal antibodies and antigen negative tumors
as described in order to rule out the possible nonspecific local
ization.

The intrasplenic tumor is not a true metastatic model. Antigenic
expression of a primary tumor can be different from that of
spontaneous metastasis (22). Thus, metastatic animal models of
human cancer are needed to more thoroughly test the diagnostic
and therapeutic aspects of monoclonal antibodies.5 The intra

splenic model is a first step. Although the site of tumor growth
is important (9), other factors such as biological half-life of

antibody in tumor, permeability of the tumor vasculature to
antibodies (23, 24), antigenic heterogeneity (21, 25), antigen
shedding, and circulating antigen-antibody complexes can all

interfere with specific antibody localization in tumors (2, 11).
Future studies should also be directed toward understanding
those mechanisms which may play an important role in control
ling antibody localization in a tumor.
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Fig. 1. Images of intrasplenic Clouser tumor, 24 h after
i.v. injection of 131I-B6.2(left) or 1Ml-anti-HRP(rigfif) were

obtained using a Pho/Gamma HP Camera. The mouse on
the left had a 141-mg tumor, whereas the animal on the
right bore a 104-mg intrasplenic tumor. Arrows, location of
the tumors. Nembutal anesthetized mice were positioned
with the dorsal surface facing the camera. Each imagewas
formed by the accumulation of 100,000 counts. No sub
traction techniques were used to generate these images.
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Fig.2. Images of 22-mg intrasplenic LS174T tumor at 24 (/eft),48 (middle), and 120 (right) h after i.v. injection of "'I-B72.3. Other experimental details were as for

Fig. 1.
Fig.3. Imagesof an 80-mg intraspleniccontrol A375 tumor at 24 (left), 48 (middle),and 72 (right) h after i.v. injectionof '31I-B72.3.The faint tumor Â¡mageat 72 h was

due to blood pool activity. Other details were as for Fig. 1.
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