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(CANCER RESEARCH 48, 2475-2482. May 1, 1988]

Localization and Imaging with Radioiodine-labeled Monoclonal Antibodies in a
Xenogeneic Tumor Model for Human B-Cell Lymphoma1

Donald J. Buchsbaum,2 Joseph A. Sinkule, M. Susan Stiles, Patricia A. Fodor, David E. Hanna, Stephen M. Ford,
Sara L. Warber-Matich, Jack E. Juni, and Kenneth A. Foon3

Department of Radiation Oncology [D. J. fi., /. A. S., M. S. S., D. E. H., S. M. F.], and Department of Internal Medicine [P. A. F., S. L. W-M., J. E. J., K. A. F.],
University of Michigan, Ann Arbor, Michigan 48109

ABSTRACT

Two MoAbs directed towards human B-cell malignancies have been
studied in a preclinical animal model to evaluate their potential for in
vivo imaging and therapy of B-cell lymphomas. Anti-Bl reacts with
virtually all immunoglobulin-bearing malignancies and non-T acute lym-
phoblastic leukemia. Anti-,15 reacts with the common acute lymphoblas-
tic leukemia antigen found on non-T acute lymphoblastic leukemia and
follicular lymphomas. Anti-Tl which recognizes the CDS antigen on most
T-cell leukemias and lymphomas was used as a control antibody. These
monoclonal antibodies were radiolabeled with '"I or '"I by the ICI

method. Namalwa (B-cell) and MOLT-4 (T-cell) tumors were grown s.c.
in irradiated nude mice. The highest tissue concentration of 125I-labeled

anti-J5 in Namalwa-bearing mice was in blood and tumor. The tumor/
blood ratio ranged from 0.7-1.2, with the highest ratio 4 days after
injection. Pharmacokineticanalysis indicated that the t.ÃŸof anli-.l5 from
blood and other tissues ranged from 40-50 h, while the r.,0 for tumor
averaged 65 h. The area under the curve of tumor was 2- to 5-fold higher
than the area under the curve of liver, kidney, skin, and muscle. The
peak tissue levels of I25I-labeled anti-Bl in Namalwa-bearing mice were
again in blood and tumor and 6 days following injection more than 5-fold
greater activity was found in tumor compared to normal tissues other
than blood. The tumor/blood ratio was 1.2 and 0.7 at 4 and 6 days after
injection. n*I-labeled anti-Bl showed minimal uptake in antigen-negative
MOLT-4 tumors and "'I-labeled anti-Tl showed little uptake in Na

malwa tumors. Scintigraphic images were obtained following the injection
of'"I-labcled anti-J5 and anti-Bl in nude mice bearing Namalwa tumors.

These results indicate that radiolabeled anti-J5 and anti-Bl show promise
as diagnostic and possibly therapeutic agents for human B-cell lym-
phoma, although there may be a limitation to clinical utility due to cross-
reactivity with some normal cells.

INTRODUCTION

MoAbs4 have an important role in the classification of leu

kemia and lymphoma ( 1) but have had a more limited role in
diagnostics and therapy. In order to develop good diagnostic
and therapeutic reagents, it has generally been useful to have
an animal model for preclinical testing. The study of human
lymphomas has been limited because of the lack of reproducible
experimental models. Techniques to develop human B- and T-
cell leukemia models in athymic mice have recently been re
ported (2-4) and we have successfully used these techniques to
grow T-cell as well as B-cell tumors s.c. in athymic mice.
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A series of MoAbs directed towards human B-lymphocytes
and B-cell malignancies have been reported (5-10). Over 80%
of adult cases of non-Hodgkin's lymphoma have lymphocyte

surface membrane characteristics of B-lymphocytes. These an
tibodies have been utilized to purge target cells in autologous
bone marrow transplantation (11, 12), but only a limited num
ber of clinical serotherapy studies have been reported (13-15).
One of these antibodies, designated anti-Bl, has a pan-B distri
bution reacting with virtually all immunoglobulin-bearing ma
lignancies as well as many non-T acute lymphoblastic leukemias
(6). This antibody reacts with greater than 85% of peripheral
blood B-cells. The anti-Bl antibody also reacts with B-cells in
normal lymphoid tissues and bone marrow (5). The anti-J5
antibody (10) reacts with a CALLA found on cells from most
patients with non-T acute lymphoblastic leukemia and follicular
lymphomas. This antibody also reacts with granulocytes and
renal tubular and glomerular cells. It has previously been dem
onstrated, utilizing anti-T-cell antibodies in humans with a T-
cell tumor where the antibody also reacts with normal human
'I cells, that one can successfully image tumors as small as 0.5

cm (16, 17). The preclinical studies reported in this manuscript
are designed to address the critical preliminary issues prior to
embarking on a clinical trial with the anti-Bl and anti-J5
antibodies.

MATERIALS AND METHODS

Monoclonal Antibodies. The murine MoAb, anti-JS, is an IgG2a
antibody reactive with the M, 100,000 glycoprotein CALLA (CD 10),
which is expressed on follicular lymphoma cells as well as most acute
lymphoblastic leukemia cells (10). Murine MoAb anti-Bl is an IgG2a
antibody reactive with a M, 35,000 phosphorylated cell surface molecule
(CD20), which is expressed on normal B-cells and most B-cell lympho
mas and leukemias (5). MoAb anti-Tl is a murine IgG2a reactive with
a M, 65,000 antigen (CDS) present on normal human T-cells, and most
T-cell leukemias and lymphomas (18). Anti-T 1was used as an irrelevant
control antibody for this study. These antibodies were generously
provided in purified form by Dr. Kenneth Kortright (Coulter Immu
nology, Hialeah, FL). Antibody concentration was determined using
the Bio-Rad protein assay standardized with bovine 7-globulin (Bio-
Rad, Richmond, CA).

Radiolabeling and Characterization of Labeled Antibodies. lodination
and characterization of anti-J5, anti-Bl, and anti-Tl antibodies were
performed as previously described (19). Purified antibodies were labeled
with '"I or "'I (Amersham Corp., Arlington Heights, IL) by the ICI
method of Contreras et al. (20). Aliquots of 200-500 n%of antibody
were labeled with 1-5 mCi of radionuclide and 5 equivalents of ICI.
Free iodine was removed by passage over a 1- x 5-cm Dowex 1-4 X
resin column. Normal human serum albumin was used as a protective
protein at a final concentration of 2%. Labeling efficiency was deter
mined as the amount of radioactive iodine incorporated into the re
covered product as compared to the amount of radioactive iodine added
to the reaction mixture. Specific activity is expressed as a ratio of mCi
of radionuclide attached per mg of antibody in the final product. Small
portions of the radiolabeled MoAb preparations were injected into
groups of animals.

HPLC was used to analyze the radiolabeled MoAbs. Radiochemical
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purity was determined by HPLC analysis using a high-pressure, gra
dient pumping system (Waters Model 1600; Waters Chromatography
Division, Milford, MA), mobile phase of pH 7.4 PBS (1 ml/min), and
a 7.8- x 300-mm Protein Pak SW 300 (Waters Chromatography
Division, Milford, MA) size exclusion column connected to a multi
channel UV/Vis HPLC detector (Waters Model 490) in series with an
in-line radioactivity detector (Beckman Model 170; Beckman Instru
ments Irvine, CA). A DEAE (7.5 mm x 7.5 cm)-PW5 aniÃ³nexchange
column (Waters Chromatography Division) was also used to check
antibody purity with a 30-min linear gradient starting in 20 mM Tris-
HC1 (pH 8.5) and running to 20 miviTris-HCl/0.3 M NaCl (pH 7) at 1

ml/min. Gel electrophoresis under reducing and nonreducing condi
tions was also performed with the labeled antibodies to reaffirm purity
and to determine the molecular weights of the products.

Cell Lines. Namalwa (21) and Raji (22) are malignant B-lympho-
blastoid cell lines derived from patients with Burkitt's lymphoma. CEM

(23) and MOLT-4 (24) are T-lymphoblastoid cell lines derived from
patients with T-cell acute lymphoblastic leukemia. The Namalwa and
MOLT-4 cell lines were kindly provided by Dr. Robert Dillman

(Scripps Clinic and Research Foundation, La Jolla, CA). The Raji and
CEM cell lines were obtained from the American Type Culture Collec
tion (Rockville, MD). Cell lines were grown in suspension culture and
maintained at 37Â°Cin a humidified atmosphere with 5% CO2. Cells

were passaged every 2-3 days in RPMI 1640 medium (GIBCO Labo
ratories, Grand Island, NY) supplemented with 10% heat inactivated
(56Â°C,30 min) FCS, L-glutamine, and penicillin/streptomycin antibi

otics. Cells to be injected into mice were taken from culture during the
log phase of growth. The human fibrosarcoma cell line HT-1080 was
obtained from the American Type Culture Collection. HT-1080 cells
were grown in monolayer culture in Earle's minimal essential medium

containing 10% FCS, 1% nonessential amino acids, 1% L-glutamine,
and 1% penicillin/streptomycin.

Indirect Immunofluorescence. Reactivity of the ami .15. anti-Bl, and
anti-Tl antibodies with Namalwa, Raji, CEM, and MOLT-4 leukemia
cell lines was determined by flow cytometry analysis. Leukemia cells
were counted and adjusted to 5 x 105-2 x IO7cells/ml in Dulbecco's

PBS containing 2.5% (v:v) human serum antibody which was heat
inactivated at 56Â°Cfor 30 min (GIBCO, Grand Island, NY), and 0.1%

(w:v) glucose. One hundred til of cell suspension were added per well
of a V-bottomed 96-well plate (Costar, Cambridge, MA). Saturating
amounts of antibody (10 ^g/ml) were added to cells and incubated at
4Â°Cfor 30 min. Cells were washed once with PBS solution, resuspended

in 100 fil of a 1:40 dilution of goat anti-mouse IgG + IgM conjugated
with fluorescein isothiocyanate (Tago, Burlingame, CA), and incubated
at 4Â°Cfor 30 min. After washing, cells were analyzed for immunoflu-

orescence using a Coulter EPICS C cell sorter (Coulter Corp., Hialeah,
FL). Cells were gated using forward and 90Â°light scatter to exclude

dead cells and debris and analyzed with a 488-nm argon laser.
Live Cell Radioimmunoassay. The immunoreactivity of radiolabeled

anti-J5, anti-Bl, and anti-Tl antibody preparations was measured using
an in vitro live cell binding assay. Namalwa, Raji, CEM, or MOLT-4
leukemia cells were suspended in RPMI 1640 medium containing 5%
heat inactivated FCS at a concentration of 2 x IO7 cells/ml. Three-
tenths ml of the cell suspension (6 x IO6 cells) was placed into 12- x
75-mm borosilicate glass test tubes (VWR Scientific, San Francisco,
CA), and a volume of radiolabeled antibody containing 0.04 ^Ci of
radioactivity was added to duplicate tubes. Tubes were incubated at
37"C for l h with shaking, and then counted in a well-type gamma

counter (Auto-Gamma spectrometer. Model 5650; Packard Instru
ments, Downers Grove, IL) to determine the total radioactivity added.
After 3 washes with 1 ml RPMI 1640 medium containing 5% FCS, the
tubes were recounted to determine the percentage of radiolabeled anti
body bound to the cells. The percentage binding was calculated by
dividing the amount of radioactivity bound after washing by the amount
added to the tubes. In sequential binding studies, the unbound antibody
in the supernatant was then transferred to fresh cells in a tube and the
assay repeated. This procedure was repeated a second time.

Mice. Athymic nude CD-I female mice, 4-5 weeks old, were obtained
from Charles River, Inc. (Wilmington, MA) or Taconic Farms, Inc.
(Germantown, NY). Mice were kept under sterile conditions in a

laminar flow room in cages with filter bonnets and were fed sterilized
mouse diet and sterilized tap water.

Establishing Namalwa or MOLT-4 Tumors in Nude Mice. The pro
cedure to establish human B-cell tumors in athymic nude mice was
similar to that described by Leonard et al. (4). For irradiation, mice
were placed in a plastic holder and then exposed to 200 rads ""Co X-

irradiation once a week for 3 consecutive weeks. One week following
the final dose, animals were given injections s.c. in the flank with a
mixture of either 1.2 x IO7 Namalwa or IO7 MOLT-4 cells, and 5 x
10" HT-1080 fibrosarcoma cells in 0.5 ml RPMI 1640 medium con
taining 10% FCS. HT-1080 cells were X-irradiated with 6000 rads
from a "'Co irradiator within l h of injection. Tumors began to appear
within 2-4 weeks after injection.

Biodistribution and Pharmacokinetic Analysis. In vivo tissue distri
bution and pharmacokinetic modeling were conducted in nude mice
bearing Namalwa or CEM tumors following i.p. administration of 0.5
Â¿Â¿Ci'"I-labeled anti-J5, anti-Bl, or anti-Tl antibodies. Groups of at

least 5 animals were sacrificed and dissected at 12 and 24 h and then
at 2, 4, 5, 6, and 7 days after i.p. injection. Tissues and organs were
immediately removed, rinsed with saline, blotted dry, weighed, and
placed in counting tubes. The samples of blood, tumor, spleen, liver,
heart, lung, kidney, muscle, skin, small intestine, stomach, and femur
were counted in a well-type gamma counter (Packard Instruments
Model 5650). All animals received potassium iodide in their drinking
water starting 2 days prior to administration of radiolabeled antibodies.
Results of labeled antibody biodistribution are typically expressed as a
percentage of injected dose per g tissue and as tissue/blood ratios of
the concentration (cpm per g) in the tissues relative to the blood at
selected time points. For pharmacokinetic analysis, tissue concentra
tions (cpm per g) of the groups of mice at each time point were averaged.
The mean concentration versus time (C x i) data were analyzed by least
squares nonlinear regression to calculate the coefficients and rate
constants after fitting these data to the appropriate one- or 2-compart-
ment open model. Concentration (C) data were weighted as 1/(C)2.

Pharmacokinetic parameters (AUC, mean residence time, blood clear
ance, tissue, or organ half-life, etc.) were generated using the program
RSTRIP (MicroMath, Inc., Salt Lake City, UT).

Imaging Studies. Mice with Namalwa or CEM tumors were given
injections i.p. of 30-300 iiCi of "'I-labeled anti-J5, anti-Bl, or anti-Tl

antibody. Scintigraphic imaging was performed at 2, 4, 8, and 11 days
after antibody administration. Mice were anesthetized with sodium
pentobarbitol, and imaging was then performed using a General Electric
400 ACT gamma camera equipped with a 4-mm pinhole collimator.
Analog and digital images were acquired from the dorsal view with the
collimator positioned approximately 7 cm from the animal. Images
were acquired for approximately 50,000 counts each resulting in im
aging times of 600-1,500 s. Digital images were normalized using a
General Electric STAR computer to produce visually similar levels of
activity in the central torso. Tumor and whole body regions of interest
were identified on each mouse image. Total counts per region were
used to calculate the T/NT for each time point. Calculations were
performed using the formula

T

NT

tumor counts
whole body counts - tumor counts x 100%.

Mice were dissected following the final images and their tissues were
counted in a well-type gamma counter. Animals received potassium
iodide in their drinking water prior to and following ml-labeled anti

body administration to reduce thyroid uptake.

RESULTS

Radiolabeling of Monoclonal Antibodies and Characterization
of the Products. When 200- to 500-Â¿igaliquots of anti-J5, anti-
Bl, and anti-Tl were labeled with 1-5 mCi of 125Iusing 5
equivalents of ICI, the efficiency of incorporation of 125Iranged
from 16.5-73.3%, and the radiolabeled antibodies had specific
activities ranging from 0.19-1.68 mCi/mg as shown in Table
1. When 500 ^g aliquots of anti-J5, anti-Bl, and anti-Tl were
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Table 1 Radiolabeling of monoclonal antibodies anli-J5, anti-BI, and anli-TI
with '"I and'"I

AmountlabeledAntibody

Radionuclide(mg)J5J5J5BlBlBlTlTlTl'
0.25
0.250.5*

0.25
0.51
0.55
0.25s

0.50.5Efficiency(%)16.520.362.218.673.337.619.457.462.5Specific

activity(mCi/mg)0.191.081.520.220.761.00.391.361.68

Table 2 Mean fluorescence intensity ofanti-J5, anti-BI, and anti-TI monoclonal
antibodies with human leukemia cell lines

AntibodytypeCell

typeNamalwa

Raji
MOLT-4
CEMBackground45

34
31
31J5140

11032

29Bl122

194
35
30Tl57

52
150175

labeled with 5 mCiof ml and 5 equivalents of ICI, the efficiency
of incorporation of '"I was 62.2, 37.6, and 62.5%, respectively,
as shown in Table 1. The specific activities of the n'I-labeled

anti-J5, anti-BI, and anti-TI antibodies were 1.52, 1.06, and
1.68 mCi/mg, respectively.

Chromatograms obtained by HPLC analysis of unlabeled and
125I-labeled anti-J5, anti-BI, and anti-TI antibodies and gel

electrophoresis results indicated homogeneous preparations of
unlabeled and radiolabeled products. The I25I-and '"I-labeled

products showed minimal (<5%) free iodine in the preparations.
Flow Cytometric Analysis of Anti-J5, Anti-BI, and Anti-TI

Reactivity with Human Leukemia Cells. Reactivity of anti-J5,
anti-BI, and anti-TI antibodies with Namalwa, Raji, CEM,
and MOLT-4 cell lines was determined by indirect immunoflu-
orescence analysis. Anti-J5 and anti-BI bound to Namalwa and
Raji cells but not to CEM and MOLT-4 cells, as shown in
Table 2. Anti-TI antibody bound to CEM and MOLT-4 cells,
but not to Namalwa and Raji cells. When the anti-J5 and anti-
BI antibodies were subjected to the iodination conditions (with
out the actual addition of radioiodine), their reactivities by flow
cytometric analysis were similar to those of the unmodified
antibodies (data not shown). Cells obtained from Namalwa
tumors grown in nude mice were found by indirect immunoflu-
orescence to be reactive with anti-J5 and anti-BI antibodies but
were not reactive with anti-TI antibody (data not shown).

Immunoreactivity of Radiolabeled Monoclonal Antibodies by
Live Cell Radioimmunoassay. The immunoreactivity of the ra
diolabeled anti-J5, anti-BI, and anti-TI antibody preparations
was measured using an in vitro live cell radioimmunoassay. The
average percentage binding from duplicate samples of 125I-
labeled anti-J5 monoclonal antibody to 6 x IO6 Namalwa and

Raji cells was 31.1 and 17.0%, respectively, while the corre
sponding binding to CEM and MOLT-4 cells was 3.4 and
2.7%, as shown in Table 3. Namalwa cells bound approximately
7 x 10' molecules of I25l-labeled anti-J5 antibody to the cell
surface. The binding of 125I-labeled anti-BI monoclonal anti

body to Namalwa and Raji cells was 11.9 and 26.4%, while the
binding to CEM and MOLT-4 cells was 2.6 and 1.4%, respec
tively. The binding of control 125I-labeled anti-TI antibody to
Namalwa cells was 1.0%, whereas the binding to MOLT-4 cells
was 16.3%. In a sequential binding study with 125I-labeled anti-

BI antibody and Raji cells, the binding in 3 successive assays
was 26.6, 11.6, and 6.9%, respectively.

Table 3 Reactivity of '"Â¡-labeledanti-J'5, anti-BI, andanti-Tl monoclonal

antibodies with human leukemia cell lines by life cell radioimmunoassay
Leukemia cells (6 x 10*)were incubated with 0.04 Â¿iCiof radiolabeled antibody,

and the average cpm bound per cpm added for several assays each with duplicate
samples was determined. The variation between duplicate samples was less than
10%.

%bindingAntibodyJ5

BlTIRadionuclide"sl12!I
'"INamalwa31.1

11.91.0Raji17.026.4
4.7CEM3.4

2.610.2MOLT-42.71.4
16.3

Growth of Tumors. In irradiated nude mice given injections
of cultured Namalwa and HT-1080 cells, tumors grew in 82 of
104 (79%) mice compared to 29 of 65 (45%) receiving Raji and
HT-1080. MOLT-4 tumors grew in 28 of 48 (58%) irradiated
mice receiving cultured MOLT-4 and HT-1080 cells. The tu
mors appeared within 14 days after injection but were quite
variable in size and growth rate. The average size of Namalwa
and MOLT-4 tumors obtained at the time of dissection (average
34 days after transplantation) for biodistribution and pharma-
cokinetic analysis was 1.0 g. Necrosis was not seen in tumors
of this size.

Biodistribution and Pharmacokinetics of Radiolabeled Mono
clonal Antibodies. The relative tissue biodistribution of 125I-
labeled anti-J5 monoclonal antibody in antigen-positive, Na
malwa tumor-bearing mice at 2, 4, and 7 days after injection is
shown in Fig. la. At 2, 4, and 7 days after i.p. injection, the
highest concentration of anti-J5 was in blood and tumor, with
relatively small amounts in various normal tissues. Normal
lung and spleen had the next highest concentrations of anti-J5
MoAb with peak tissue/blood ratios of 0.6 and 0.7, respectively
(Fig. la). The tumor/blood ratio ranged from 0.7-1.2 over the
7-day period, with the highest ratio at 4 days after injection.
There appeared to be no relationship between the percentage
of injected dose per g of 125I-labeIedanti-J5 in Namalwa tumors
and the size of the tumor, for tumors weighing from 0.06-1.56
g. The tissue biodistribution of 125I-labeled anti-J5 in antigen-

negative MOLT-4 tumors is shown in Fig. \b. There was no
significant uptake of '"I-labeled anti-J5 in MOLT-4 tumors.

The C x / profiles of '"I-labeled anti-J5 in blood, Namalwa

tumor, and other relevant tissues and whole organs are depicted
in a semi-log plot of concentration versus time in Fig. 2. At the
48-h time point, the tumor C x t curve crosses the spleen C x
t curve and the blood was thereafter the only tissue with higher
concentrations than the tumor. Pharmacokinetic parameters
derived by regression analysis and noncompartmental calcula
tions from the C x t data are summarized in Table 4. These
data best fit a 2-compartment open model after correction for
the absorption phase from the peritoneum into the systemic
circulation. Peak tissue concentrations of anti-J5 in the normal
tissues and organs occurred 12 h after i.p. injection whereas
peak levels in the Namalwa tumor occurred at 24 h after
injection. Terminal elimination half-lives of anti-J5 from blood,
liver, spleen and other tissues ranged from 40-50 h while the
elimination tv, from tumor averaged 65.3 h. Total AUC of anti-
J5 in blood was approximately 4-9 times the AUC of the other
normal tissues. Spleen was the only normal organ with an AUC
close to the AUC of tumor and blood. The AUC of tumor was
2- to 5-fold higher than the AUC of liver, kidney, skin, and
muscle. The mean residence time, a noncompartmental calcu
lation analogous to "total body" half-life, was greatest for tumor

(100.4 h) compared to blood (63.8 h), liver (64 h), or spleen
(56.6 h).

The tissue biodistribution of I25l-labeled anti-BI in groups of
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Fig. 1. Biodistribution data, a, 0.5 /iCi '"I-labeled anti-J5 in athymic nude
mice bearing s.c. antigen-positive Namalwa tumors. At 2, 4, and 7 days following
i.p. injections tissues were dissected and counted and the ratios of the concentra
tion (cpm per g) in tissues and blood calculated. The SE ranged from 0.02-0.37
at all time points for normal tissues and was 0.12 for tumor uptake at day 2, 0.44
at day 4, and 0.17 at day 7. ft, 0.5 iiCi '"I-labeled anti-J5 in athymic nude mice
bearing s.c. antigen-negative MOLT-4 tumors. At 4 and 7 days following i.p.
injection the tissues were dissected and counted and the ratios of the concentration
(cpm per g) in tissues and blood calculated. The SE for tumor was 0.04. The SE
in normal tissues ranged from 0.01-0.40 for both time points. A/, number of
animals per group. HT, heart; LU, lung; LI, liver; 57", stomach; SI, small intestine;

SP, spleen; KI, kidney; SK, skin; BO, bone; MU, muscle; TU, tumor.
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Fig. 2. Pharmacokinetic nonlinear regression analysis of tissue distribution of
'"I-labeled anti-J5 in nude mice bearing Namalwa tumors. Five-18 animals/time
point were given injections i.p. and the concentrations (CPM/G) of radioactivity
in tissues and tumor determined.

Namalwa tumor-bearing mice is presented in Fig. 3a. The peak
concentrations of antibody (at 4 days and later) after adminis
tration were in blood and tumor. Six days following i.p. injec
tion more than 5-fold greater activity was found in tumor as
compared to normal tissues other than blood. The tumor/blood
ratio was 1.2 and 0.7 at 4 and 6 days after injection, respectively.

Table 4 Pharmacokinetic parameters of tissue concentration (cpm per g) derived
by least squares nonlinear regression analysis of '251-labeledanti-JS in Namalwa

tumor-bearing nude mice

Mean values of 5-18 animals were determined at 12, 24, 48, 96, and 120 h
after injection.

BloodLiverKidneySpleenMuscleTumor/vÂ«

(h)3.860.810.750.213.525.05tÂ»0(h)40.443.540.839.150.865.3AUCS,(cpm/g-h)8.99
x10*2.65
x10'2.85
x10'5.23
x10'0.91
x10'5.77
x 10'Mean

residence
time(h)63.864.058.856.678.4100.4r"0.9990.9930.9980.9920.9980.996

1Correlation coefficient of regression line.
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Fig. 3. Biodistribution data, a, 0.5 fid '"I-labeled anti-Bl in athymic nude
mice bearing s.c. antigen-positive Namalwa tumors. At 2, 4, and 6 days following
i.p. injection tissues were dissected and counted and the ratios of the concentra
tions (cpm per g) in tissues and blood calculated. The SE for tumor was 0.06.
0.10, and 0.24 at the respective time points and the range for normal tissues at
all time points was 0.01-0.07. b, 0.5 nCi '"I-labeled anti-Bl in athymic nude
mice bearing antigen-negative MOLT-4 tumors. At 4 and 6 days after i.p. injection
of labeled antibody, tissues were dissected and counted and the ratios of the
concentration (cpm per g) in tissues and blood calculated. The range of SE was
0.01-0.03 for all tissues other than tumor. The SE for tumor uptake on day 4
was 0.04 and on day 6 it was 0.20. N, number of animals used per group. HT,
heart; LU, lung; LI, liver, ST, stomach; SI, small intestine; SP, spleen; KI, kidney;
SK, skin; BO, bone; MU, muscle; TU, tumor.

The biodistribution of I25l-labeled anti-Bl monoclonal antibody
in antigen-negative MOLT-4 tumors is depicted in Fig. 3b,
showing minimal background uptake in this T-cell tumor.

Biodistribution studies with "control" 125I-labeled anti-Tl
showed little uptake in B-cell Namalwa tumors, as shown in
Fig. 4. There was 3.5-fold less concentration in Namalwa
tumors at 4 days compared to the "targeted" anti-J5 and anti-
Bl antibody. The localization of '"I-labeled anti-Bl and '"I-
labeled anti-Tl administered as a paired-label mixture in nude
mice bearing Namalwa tumors is shown in Fig. 5. The tumor/
blood ratio for 125I-labeled anti-Bl was 0.7 and 1.0 at 4 and 6
days after injection, whereas the tumor/blood ratio of I3II-
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1.4T

1.2

Fig. 4. Biodistribution of 0.5 Â¡id 1!'I-la-
beled anti-TI in athymic nude mice bearing
s.c. antigen-negative Namalwa tumors. At 2,
4, and 6 days after injection the tissues were
dissected and counted and the ratios of the
concentration (cpm per g) in tissues and blood
calculated. The SE for tumor was 0.05, 0.06,
and 0.06, respectively, while the SE for normal
tissues ranged from 0.02-0.16. /V, number of
animals used per group. HT, heart; LU, lung;
Li, liver; ST. stomach; SÂ¡,small intestine; SP,
spleen; Kl, kidney; SK, skin; BO, bone; A/I/,
muscle; TU, tumor.
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Fig. 5. Biodistribution data for a paired-
label experiment in which athymic nude mice
bearing Namalwa tumors were given injections
i.p. of 0.5 nCi '"I-labeled anti-Bl and 0.5 i*Ci
of control I3ll-labeled anti-TI. The tissues

were dissected and counted and the ratios of
the concentration (cpm per g) in tissues and
blood calculated. Counts (cpm per g) were
corrected for spillover. The SE for tumor up
take by anti-TI was 0.12 on day 4 and 0.15 on
day 6 whereas the SE for anti-Bl was 0.17 on
day 4 and 0.26 on day 6. Three animals wereused for each time point. //'/', heart; I.I . lung;

LI, liver; ST, stomach; SI, small intestine: SP,
spleen; A7, kidney; SK, skin; BO, bone; MU,
muscle; II. tumor.
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labeled anti-TI was 0.45 at both time points. There was 1.5-
fold less concentration of '"I-labeled anti-TI in Namalwa tu
mors as compared to I25l-labeled anti-Bl in both the paired-

label and unpaired biodistribution studies. The biodistribution
of I25l-labeled anti-Bl and ml-labeled anti-TI were very similar
in normal tissues of Namalwa tumor-bearing nude mice, but
the concentrations of anti-Bl in tumor were significantly

higher.
Imaging of ' "(-labeled Anti-J5, Anti-Bl, and Anti-TI Mono

clonal Antibodies in Nude Mice Bearing Namalwa Tumors. The
scintigraphic images obtained at 4, 8, and 11 days after injection
of I3ll-labeled anti-J5 in a nude mouse bearing a Namalwa

tumor is shown in Fig. 6, a-c. The images show a reduction in
the blood pool and normal tissues from 4-11 days after antibody
administration. The TINT ratios with anti-J5 were 36, 59, and

74% at 4, 8, and 11 days. Scintigraphic images obtained with
13ll-labeled anti-TI at 4 and 8 days after injection are shown in

Fig. 6, d and e. Fig. 7 shows mouse images obtained after i.p.
injection of'"I-labeled anti-Bl (Fig. 7, a and b) and '"I-labeled
anti-TI (Fig. 7, c and d). T/NT ratios with anti-Bl antibody
were 33 and 39% (days 2 and 4). Anti-Bl antibody showed
marked preferential tumor uptake while anti-TI antibody did

not. After the imaging, the mouse was dissected and the tissues
counted in a well-type gamma counter. The biodistribution of
n'I-labeled anti-Bl was similar to that obtained with '"I-labeled
anti-Bl which is shown in Fig. 3a.

DISCUSSION

The results of the present study indicate that both anti-J5
and anti-Bl radiolabeled MoAbs localized Namalwa tumors
growing in athymic nude mice. The tissue distribution of the
radiolabeled anti-J5 and anti-Bl to Namalwa tumors was selec
tive in that tumor concentrations far exceeded highly vascular-
ized normal tissue or organ concentrations. The elimination
half-lives of the normal tissues and organs were also much
shorter than the elimination rate from the antigen-positive s.c.
tumor. Tissues such as bone, muscle, and skin showed minimal
uptake and more rapid clearance rates compared to the tumor.
Peak tumor/blood ratios in the s.c. Namalwa tumors occurred
at about 4 days after i.p. injection of an li .15 and anti-Bl
MoAbs. There was no correlation between the uptake of U'I-
labeled anti-J5 or anti-Bl in Namalwa tumors and the size of
the tumors. Control studies with radiolabeled anti-TI MoAb in
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1311ANTI-B1

Fig. 6. Whole body scintigraphic images of athymic nude mice bearing s.c.
Namalwa tumors (arrows) given injections i.p. of 300 Â»jCiof 13'I-labeled anti-J5
or 131I-labeledanti-Tl antibody. Dorsal images were taken at 4 (a), 8 (ft), and 11
(c) days after administration of labeled anti-J5. Anti-Tl dorsal images were taken
:ii 4 (</) and 8 (c) days after injection.

athymic mice bearing Namalwa tumors and radiolabeled anti-
J5 and anti-Bl MoAbs in mice bearing MOLT-4 tumors indi
cate that the localization of anti-J5 and anti-Bl in B-cell Na
malwa tumors was antibody specific. A similar specificity of
binding was obtained against tumor cells in vitro.

The immunoreactivity of the various MoAbs after iodination
was low, which may have affected the in vivo distribution
resulting in low concentrations in tumor and increased activity
seen in normal tissues such as spleen and blood. However, the
in vitro binding assays were not done at infinite antigen excess
which is a method used to determine immunoreactive fraction.
Sequential binding studies indicated that significantly more
than 11.9-31.1% of antibody is capable of binding to tumor
cells. A correlation between immunoreactive fraction and in
vivo uptake of radiolabeled Mo Ab in tumor xenografts has been
reported (25). With the exception of a small amount of uptake
of antibody in spleen 2 days after i.p. injection, neither anti-B-
cell MoAb showed substantial uptake in any normal tissue
other than blood. This is again reflected by differences observed
in the AUC calculations and mean residence time values. Ra
diolabeled anti-Tl showed minimal uptake and binding to the
Namalwa B-cell tumor line.

A feature of many lymphomas is that they are radiosensitive,
chemosensitive, and have a better supply of blood than carci
nomas and fibrosarcomas (26, 27). The increased exposure
(increased AUC and increased half-lives) of the tumor to ther
apeutic drugs and radionuclides when attached to antibodies
directed at antigens on the tumor cells may provide an enhanced
therapeutic effect, especially with cycle or phase specific agents
like radiation and many chemotherapeutic drugs. The pro
longed distribution of radiolabeled antibody in blood would
likely result in a significant radiation dose delivered to all
vascular organs if a therapeutic dose of radionuclide was ad
ministered. The AUC determination may take this into account
but may not reflect cumulative dose if a short half-life radio
nuclide is used for conjugation. Tumor localization of radiola
beled polyclonal antibodies has been demonstrated in experi
mental lymphoma model systems (28, 29). Radiolabeled
MoAbs have been used to localize experimental murine lym-

\

1311 ANT1-T1

\

Fig. 7. Whole body scintigraphic images of athymic nude mice bearing s.c.
Namalwa tumors (arrows) given injections of 30 /iCi of'"l-labeled anti-Bl (a and
b) or 131I-labeledanti-Tl (c and </). Dorsal images were taken at 2 (a and c) and

4 (b and d) days after i.p. injection.

phoma (30) and Burkitt's lymphoma in athymic nude mice (31).
MoAbs labeled with n'I have been used for radioimmunother-

apy of leukemia/lymphoma in experimental animal models (30,
32-34). Clinical localization and therapy studies have been
reported with "'I- and 123I-labeled Lym-1 antibody against
human B-cell lymphomas (31, 35-37).

Imaging with monoclonal antibodies is potentially important
for a number of reasons. First of all, improved images could be
used for diagnosis, staging, and designing therapies for patients
with B-cell lymphomas. Furthermore, they could be used for
following patients on therapy. In addition, antibody labeled
with radionuclides may be more specific for localizing tumors
than current standard techniques, because they may not only
discriminate the size and shape of lymph nodes, but also spe
cifically identify tumor cells in lymph nodes (anti-J5). In some
cases, lymph nodes are distorted following therapy due to
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fibrosis yet there are no tumor cells in the node. Current
techniques are incapable of discriminating this. Finally, imaging
studies with '"I can be extended into therapy trials by increasing
the amount of radionuclide conjugated to the antibody and "'In
chemistry can be used to model for 9<)Ywhich can be used for

therapy. Successful preliminary trials utilizing such techniques
have been reported (38).

13ll-labeled anti-Bl MoAb was used to image B-cells in

spleens of rhesus monkeys (39). This antibody does not modu
late antigen on the surface of lymphocytes or leukemic cells
(40). The anti-J5 MoAb has been used in passive serotherapy
studies (14, 15), and it is known to modulate the expression of
CALLA on the cell surface of acute lymphoblastic leukemia
cells with intornali/al ion of antibody and antigen (41, 42).
There are reports that the CALLA antigen is shed in vitro (43)
and that it is present in the circulation of patients (44). The
extent to which circulating CALLA antigen may have affected
the biodistribution of anti-J5 antibody in the present studies is
unknown. The clinical therapeutic trials with anti-J5 and other
unlabeled MoAbs against leukemia and lymphoma (13-15, 45-
50) have demonstrated that antibody binding to tumor cells and
clinical effects can be observed, although usually of short du
ration. Problems of antigenic modulation, circulating antigen,
and host immune response to the mouse MoAb have limited
the success of this approach. Nevertheless, the successful treat
ment with an anti-idiotype MoAb of one patient with recurrent
B-cell lymphoma (45) points to the potential promise of this
approach.

Diagnostic studies for patients with T-cell non-Hodgkin's

lymphoma have been reported utilizing T101 MoAb (anti-
CD5). CDS is expressed on the malignant T-cells associated
with CTCL and to a lesser extent on normal T-cells (16), which
theoretically should result in more favorable localization of
CTCL involved nodes. Diagnostic studies utilizing '"In-labeled

T101 antibody clearly demonstrated uptake by CTCL involved
nodes with minimal imaging of normal lymph nodes (17).

Therapy trials with radiolabeled MoAbs for patients with B-
and T-cell non-Hodgkin's lymphoma have recently begun. In

one trial, 5 of 6 cutaneous T-cell lymphoma patients treated
with 105-250 mCi ml-labeled T101 MoAb responded to ther
apy with 2 partial and 3 minor responses (51 ). Myelosuppres-
sion was the dose limiting toxicity seen in patients receiving
the higher therapeutic doses of '"I-labeled T101 antibody (51).
Preliminary results with the Lym-1 antibody radiolabeled with
13IIalso demonstrated responses in 7 of 9 patients with B-cell
non-Hodgkin's lymphoma (35-37). While Lym-1 reacts with

some normal B-cells, the intensity of reactivity is less than that
for malignant B-cells (37). No evidence of radiation toxicity
was observed in the marrow, liver, and kidneys of patients
receiving '"I-labeled Lym-1 antibody. Similar to the Lym-1
antibody, the anti-Bl antibody also cross-reacts with normal B-
cells which could limit its clinical utility. This cross-reactivity
is not a problem in the xenograft model because the antibody
does not cross-react with normal murine B-cells. Another

MoAb recognizing an antigen expressed by mature human
normal and malignant B-cells is the MB-1 antibody (52). De
spite MB-1 antigen expression on mature B-cells, Press et al.
(53) reported therapeutic efficacy in 2 patients with B-cell
lymphoma administered '-"I-labeled MB-1 antibody (250 and
480 mCi). Dose limiting toxicity was neutropenia and throm-
bocytopenia. One possible limitation in the use of the anti-Bl
MoAb for clinical diagnosis and therapy of B-cell lymphomas
is its cross-reactivity with normal B-cells. However, these results
plus the experience with other T- and B-cell MoAbs which also

cross-react with normal lymphocytes suggest that the anti-Bl
antibody may still be useful clinically. However, more specific
MoAbs would be expected to show improved localization in
patients with lymphoma. These encouraging clinical results by
other investigators support our ongoing preclinical trials with
antibodies directed against B-cell lymphomas and will lead to
clinical trials with these antibodies.
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