
(CANCER RESEARCH 51. 4164-4169. August 15. I991|

Improved Therapeutic Efficacy of a Monoclonal Antibody Radioiodinated Using
yV-Succininiidyl-3-(tri-/f-butylstannyl)benzoate1

James M. Schuster, Pradeep K. Garg, Darell D. Bigner, and Michael R. Zalutsky2
Departments of Pathology (J. M. S., D. D. B., M. R. 'Â¿.]and Radiology [P. K. (j., M. R. Z.Â¡and the Preuss Brain Tumor Research Laboratory [D. D. B.J,
Duke I 'nirersily Medical Center, Durham, \orth Carolina 27710

ABSTRACT

Improvements in efficacy of radioimmunothcrapy Â»ill require in
creased tumor uptake relative to normal tissue. We previously demon
strated that labeling the lu<. -l>glioma-reactive antitenascin monoclonal
antibody 81C6 with '"I using iV-succinimidyl-3-(tri-n-butylstan-
nyl)benzoatc (ATK) increased tumor uptake and tumor-to-normal tissue
ratios and decreased deiodination compared with labeling using lodo-
Gen. The present study Â»asconducted to determine whether '"I 81C6

labeled using ATK (8IC6 ATK) would demonstrate a therapeutic advan
tage over '"I 8IC6 labeled using lodo-Gen (81C6 IOD) in treating s.c.
D-54 Ml, human glioma \enografts in athymic mice. The subclass IgG2b
MAb 45.6 labeled with '"I using ATE (45.6 ATE) was used as a control.

Animals were injected with saline or 500 Â¿iCiof 45.6 ATE (23 /nCi/Mg),
81C6 ATE (26 MCi/Mg),or 8IC6 IOD (24 ^Ci/ng). With approximately
150 mm' initial tumor volumes, growth delay for 81C6 ATE was signif
icantly better by Wilcoxon rank sum analysis than saline (/' = 0.0006 to

0.003), 45.6 ATK (P = 0.0006 to 0.002), and 8IC6 IOD (P = 0.0008 to
0.007). Biodistribution data from similarly injected animals gave esti
mated radiation doses to tumor of 7723, 5200, and 1667 rad for 81C6
ATE, 81C6 IOD, and 45.6 ATE, respectively. In addition, 81C6 ATE
administered at this dosage to animals with 50% larger initial tumors
also improved tumor growth delay in comparison with 8IC6 IOD given
to animals with standard-size tumors. A similar experiment was con
ducted at 1000 M*i and, although radiation toxicity was noted in all
labeled groups, two animals in the 81C6 ATK group had tumor regression
for more than 240 days, and the other groups had no regressors. We
conclude that the use of the ATK method may significantly improve the
therapeutic efficacy of radioiodinated monoclonal antibodies.

INTRODUCTION

The long-term prognosis for patients with malignant neu-
roectodermal tumor of the central nervous system has remained
dismal despite recent improvements in conventional and exper
imental therapies (1). The heterogeneous nature of individual
central nervous system tumor types (2) and the multitude of
different types of neuroectodermal tumors are major obstacles,
as is the lack of specificity of conventional treatment modalities.
A more selective approach to therapy is the use of radiolabeled
MAbs' targeted against tumor-associated antigens. Such an

approach has provided an increased level of tumor versus nor
mal tissue specificity, at least in human xenograft animal
models (3-5).

However, in clinical studies utilizing MAbs against a variety
of malignancies, only limited and transient benefits have been
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seen (6-8). The marginal success of MAb radiotherapy can be
attributed to the observation of poor tumor uptake (0.0001 to
0.01% ID/g) (9), which is due to a variety of obstacles including
heterogeneity of antigen expression, cross-reactivity with nor
mal tissue, inadequate vascular access, and rapid loss of label
from the MAb after in vivo administration (10-13). With radi
oiodinated MAbs the dehalogenation of labeled protein is re
lated to the similarity of the MAb protein iodination sites to
those of thyroid hormones, compounds known to undergo
extensive dehalogenation in their normal metabolism (14). This
decrease in availability of labeled MAb for tumor binding
presumably represents a major component in the decreased
effectiveness of '"I-labeled MAb therapy.

Previously we have reported a novel approach to antibody
radiolabeling using ATE as the reagent, which decreases the
similarity of the antibody-halogen linkages to the iodinated
sites in thyroid hormones (15). In the s.c. D-54 MG human
glioma xenograft model, studies with "'I-labeled 81C6, an

IgG2b MAb targeted against an epitope of the extracellular
matrix protein tenascin, indicate that MAbs labeled using the
ATE method demonstrate decreased dehalogenation as re
flected by decreased thyroid accumulation of radioiodine (up to
100-fold) when compared with 81C6 IOD (13). Tumor uptake
of the 81C6 ATE was substantially higher than that of 81C6
IOD (up to 12-fold), which provided increased tumonnormal
tissue ratios. Additionally, based on these tumor distribution
data, radiation dosimetry estimations for 81C6 ATE predicted
a 3-fold increase in cumulative dose to D-54 MG s.c. tumor in
comparison with 81C6 IOD (13).

The purpose of the present study was to determine whether
use of the ATE method for MAb radiohalogenation could be
exploited to improve the therapeutic efficacy of '"I-labeled
81C6 MAb in the D-54 MG human glioma xenograft model.
In addition to the data obtained at tracer levels, suggesting a
significant tumor delivery advantage for 81C6 ATE, this MAb/
tumor model combination was selected for several reasons.
First, using 81C6 labeled with a conventional method (Chlor-
amine-T), Lee et al. (16) obtained significant tumor growth
delay and regression (but no cures) in s.c. D-54 MG xenografts
in mice and increased survival in athymic rats bearing intracer-
ebral D-54 MG tumors (17). Moreover, '"I-labeled 81C6 has

exhibited selective tumor uptake in patients with gliomas (18)
and thus is a promising MAb for use in clinical radioimmu-
notherapeutic trials.

MATERIALS AND METHODS

Tumor Xenograft Model. Human glioma line D-54 MG, the Duke
University subline A-172, previously characterized in our laboratory,
was used in all experiments (19). Male athymic mice (nu/nu genotype,
BALB/c background) at least 8 weeks old and weighing 25 to 35 g were
obtained from a colony maintained at the Cancer Center Isolation
Facility. Duke University Medical Center. Tumors were established s.c.
in the right flank of experimental animals by injection of D-54 MG
tumor homogenate obtained from tumors grown s.c. in this mouse
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strain and prepared as previously described (20). Tumor volumes were
estimated as

(Short dimension)2 x long dimension

Animals were randomized by tumor volume, and therapeutic trials were
initiated when the tumors reached approximately 140 to 150 mm3.

Monoclonal Antibodies. MAb 81C6 is a subclass IgG2b murine
immunoglobulin that defines an epitope of the extracellular matrix
protein tenascin, which is highly expressed in primary gliomas, glioma
xenografts, and several glioma cell lines (21). MAb 45.6 is a subclass
lgG2b murine antibody raised against the myeloma cell line 45.6TG 1.7.
It has no reactivity with human gliomas and has demonstrated poor
localization in previous experiments with the D-54 MG tumor system
(22). Both immunoglobulin preparations were purified from ascites
grown in athymic mice that had received i.p. injections of the appro
priate hybridoma cell line. MAb isolation was accomplished using
protein A-Sepharose 4B, and the purity of the preparations was verified
by HPLC.

Antibody Labeling. All procedures were performed behind a lead
barrier in a charcoal-filtered fume hood. For lodo-Gen labeling, 800 to
1200 Mgof 81C6 IgG in 100 to 150 Mlof 0.1 M phosphate buffer (pH
7.4) was added to sodium ['"Ijiodide (Dupont-New England Nuclear,
Boston, MA) in a glass vial coated with 10 /Â¿gof lodo-Gen (Pierce
Chemical, Rockford, IL) and allowed to react for 10 min. A Sephadex
G-25 column was eluted with 1% human albumin to purify the I3II-
labeled MAb. Protein-associated radioactivity, determined by precipi
tation with trichloroacetic acid, was greater than 99% of all prepara
tions, and MAb purity was confirmed with size-exclusion HPLC. The
specific activity of the preparations ranged between 24 and 29 /jCi/Mg.

The ATE reagent was synthesized as described previously (15). N-
Succinimidyl-3-['3'I]iodobenzoate was produced by reacting ATE with
sodium ['"I]iodide in the presence of /ert-butylhydroperoxide and then

purified by HPLC using methods reported in detail in a prior publica
tion (23). The iodinated A'-succinimidyl ester was reacted with 1030 to

1300 Mgof either 81C6 or 45.6 in 130 to 175 n\ of borate buffer (pH
8.5). After 10 min the reaction was terminated by addition of 0.3 ml of
0.2 M glycine. Labeled MAb purification was performed as described
above. For both MAbs, trichloroacetic acid precipitability was greater
than 99% for all preparations, and all eluted as a single peak on size-
exclusion HPLC with a retention time corresponding to that of the
native IgG. Specific activities were 24 to 26 MCi/MgfÂ°r81C6 and 23 to
25 MCi/Mgfor 45.6.

MAb Binding Assays. The binding characteristics of the labeled
specific MAb preparations were analyzed by immunoreactivity and
affinity assays. Briefly, the immunoreactivity assay consisted of incu
bating 100 ng of radiolabeled 81C6 with D-54 MG tumor and normal
rat liver homogenates in 1 ml of 0.15 M phosphate plus 1% human
serum albumin for 2 h at 37Â°C.The homogenates were washed, and
the pooled supernatants and pellets were counted for '"I activity.

Percentage specific binding was calculated by subtracting nonspecific
binding (81C6 to liver homogenate) from total binding (81C6 to tumor
homogenate).

Affinity constants for the radiolabeled MAb preparations were de
termined using the antigen-positive human glioma line U-251 MG-C3
and the antigen-negative 2T osteogenic sarcoma cell line. These cell
lines were grown to confluence in 48-well plates, and serial dilutions of
each labeled 81C6 preparation were added in triplicate and incubated
overnight at 37Â°C.Affinity constants were then calculated from Scat-

chard analysis of the binding data using a computer program.
Therapeutic Trials. When established s.c. tumors reached approxi

mately 140 to 150 mm3 in volume, the animals were randomized by

tumor volume into groups of 10. Experiments were conducted at 500
and 1000 Â¡iC\dose levels. At 500 ^Ci, groups received injections by tail
vein with either 0.115 M phosphate-buffered saline plus 1% human
serum albumin, 500 Â¿iCiof 45.6 ATE (23.4 MCi/Mg),500 nCi of 81C6
ATE (25.8 MCi/Mg),or 500 MCiof 81C6 IOD (24.4 MCi/Mg). Addition
ally, a group of animals with 50% larger tumors (mean, 211 mm3) was

treated with 500 ^C\ of 81C6 ATE (25.8 MCi/Mg)to evaluate the effect

of tumor size on therapeutic response at this dose level.
Similar trials were conducted at 1000-fiCi dose levels including

groups of 10 animals injected by tail vein with phosphate-buffered

saline as above or 1000 MCi of 81C6 ATE (23.7 MCi/Mg),45.6 ATE
(24.9 MCi/Mg), or 81C6 IOD (28.9 nd/ug). Animals were housed
individually, and bedding was changed at 48 h and 96 h and once
weekly to reduce nonspecific background exposure. Tumors were meas
ured 3 times a week until tumor volumes exceeded 5000 mm3.

Biodistribution Measurements. Athymic mice bearing s.c. D-54 MG
tumors (volume, approximately 150 mm3) received injections by tail

vein with therapy dose levels (500 or 1000 MCi)of labeled MAbs in 200
M!of phosphate-buffered saline plus 1% human serum albumin. On
days 2, 7, and 11 after injection, groups of 3 animals per MAb
preparation were killed, and tissue samples (blood, lung, liver, kidney,
spleen, testes, muscle, bone, tail, tumor, neck tissue including thyroid,
and brain) were obtained and weighed. Because of the small size of the
mouse thyroid gland, about 100 to 150 mg of neck tissue was widely
excised to ensure inclusion of the thyroid gland. Nevertheless, the gland
accounts for the majority of the sample radioactivity. For this reason,
thyroid uptake is expressed as % ID/organ instead of % ID/g. After
waiting several weeks to permit the '-"I activity to decay to reasonable
levels, tissues were assayed for "'I activity using an automated gamma

counter. The results were expressed as the percentage of the injected
dose/g tissue by comparison to injection standards of appropriate count
rate.

Cumulative absorbed radiation doses to tumor and normal tissues
were calculated using the effective half-life method (24). Briefly, the
effective half-life was calculated from the relationship

\

where Te is the effective half-life, 7"bis the biological half-life, and Tp is
the physical half-life (192.5 h for '"I). Thwas calculated from a semilog

plot of percentage injected dose/g versus time extrapolated back to the
theoretical activity at time 0, A0. The cumulative activity in MCi-h/g
was calculated from

D= 1.44 x A0 x T,

where Aa is converted to MCi/g. The absorbed radiation dose was
calculated by multiplying by the Medical Internal Radiation Dose
equilibrium absorbed dose constant for the paniculate radiation of '"I,
0.4313 g-rad/MCi-h (25). Distribution of I3II was assumed to be ho

mogeneous in each tissue. Tissue clearance was not strictly exponential
in every tissue. For example, based on previous work with more data
at early time points (12), we estimate that doses calculated by this
method are about 10% larger than those determined by the trapezoid
integration method for tumor. Nevertheless, in order to be consistent,
the effective half-life method, extrapolated to zero time, was used for
all tissues.

Statistical Methods. The significance of treatment response as deter
mined by time to reach specific tumor volumes was evaluated using the
Wilcoxon rank sum test with P < 0.05 considered to be significant.
The Wilcoxon rank sum test was also used to compare group tumor
volumes at the time of treatment.

RESULTS

MAb Characterization. All antibody preparations were ana
lyzed by HPLC before and after labeling to assess purity. All
prelabeled samples demonstrated >95% purity. All labeled
samples were >95% pure by HPLC analysis (data not shown).

Radiolabeled 81C6 preparations were tested for immuno
reactivity by determining their in vitro specific binding to D-54
MG tumor homogenates and nonspecific binding to rat liver
homogenates. In the 500 /iCi experiments, the binding percent
ages were 68% to tumor and 14% to liver for 81C6 ATE and
66% to tumor and 16% to liver for 81C6 IOD. The 81C6
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preparations for the 1000-/jCi therapy trial had binding per
centages of 84f< to tumor and 10% to liver for 81C6 ATE and

57% to tumor and libito liver for 81C6 IOD.
Affinity constants for the radioiodinated 81C6 preparations

were also determined and, in both experiments, affinity of MAb
labeled using ATE was higher than MAb labeled using lodo-
Gen. Affinity constants for 81C6 labeled using ATE were 2.83
Â±0.36 x 10* M-' (1000 MCÂ¡)and 1.92 Â±0.36 x 10" ivr1 (500
nCi) compared with 1.66 + 0.21 x lO'ivr1 ( 1000 |<CÂ¡)and 1.24
Â±0.14 x 10s M~' (500 MCi) using lodo-Gen.

Therapeutic Response. In the 500-^Ci level experiment, initial
tumor sizes at the time of labeled MAb treatment ranged from
138 Â±16 to 139 Â±19 mm1 (mean Â±SD); differences in tumor

volume were not statistically significant among the groups. Fig.
1 compares the tumor growth curves for the different treatment
groups. The mean times to reach tumor volumes of 1000, 2000,
3000, 4000. and 5000 mm1 are shown in Table 1. The time
required to reach 1000 mm' ranged between 15.2 Â±5.0 days

for the saline control group (n = 10) and 41.1 Â±8.8 days for
animals treated with 81C6 ATE (n = 7). As summarized in
Table 2, for tumor volumes between 1000 and 5000 mm', tumor

growth delay for 81C6 ATE was significantly longer than for
saline (P = 0.0006 to 0.003), control MAb (P = 0.0006 to
0.002), and 81C6 IOD (P = 0.0008 to 0.007). Long-term tumor
regression was noted in 3 animals in the 81C6 ATE group with
no tumor progression observed for more than 180 days. One

Saline

45.6 ATE

81CG IOD

B1C6ATE

animal in the 81C6 IOD group exhibited tumor progression to
>450 mm' and then no further increase in tumor volume.

In order to investigate the effect of initial tumor size on
growth, an additional group of animals with initial tumor
volumes of 211 Â±35 mm' was given 81C6 ATE. As shown in

Table 1, a better therapeutic response was seen in this 81C6
ATE group than in the group receiving 81C6 IOD, despite the
fact that the initial tumor size was 50% larger in the former
group (P = 0.002 to 0.04). When the two groups receiving
81C6 were compared, those with smaller initial tumor volumes
took longer to reach a given tumor plateau (P = 0.001 to 0.02).
These data also were expressed as percentage growth in tumor
size at 40 days, where a significant difference (P = 0.03) was
also seen (smaller tumors, 497 Â±544%; range, â€”68to 1252%;
n = 10; larger tumors, 997 Â±592%; range, 133 to 2349%; n =
10).

In the experiment performed at 1000 Â¿<Ciof '"I-labeled

MAbs, mean initial tumor volumes ranged between 144 Â±30
and 150 Â±32 mm' with no statistically significant difference

among the groups. Statistical analysis of this experiment was
complicated because six 81C6 ATE, four 81C6 IOD, and nine
45.6 ATE animals died during the first 20 days. The percentage
change in tumor volume from MAb administration to time of
death was 113% (10 to 382%) for 45.6 ATE (n = 9), -8% (-41
to 31%) for 81C6 IOD (n = 4), and -21% (-51 to 12%) for
the 81C6 ATE groups (n = 6). In the remaining animals, the
growth delay observed at 1000 //Ci was greater than that seen
at 500 Â¿(Ci.As summarized in Table 1, the tumor growth delay
for 81C6 ATE was nearly twice that of 81C6 IOD for tumor
volumes between 1000 and 5000 mm'. Three of the four 81C6

ATE animals that were alive after 20 days exhibited long-term
regression with no increase in tumor size for intervals ranging
from 60 to more than 240 days. Long-term regression was not
observed in any other group.

Biodistribution. Tissue distribution measurements were per
formed in athymic mice bearing s.c. D-54 MG xenografts at
therapeutic dose levels in order to estimate radiation dosimetry
for tumor and normal tissues. Results for the experiment per
formed at the 500-AiCi dose level are presented in Fig. 2. Two

Table 2 tt'ilcoxon rank sum comparison ofKli'd ATE with the other treatment

groups for time interval to reach specific tumor volumes of 500 iiCi ID
(P< 0.05 significant)

DAYS POST INJECTION

Fig. 1. Grow ih of D-54 MG s.c. tumors Â¡nathymic mice treated with 500 nCi
of "'Habeled MAbi,

Othergroups81C6IOD

45.6 ATE
Saline1000mm'0.0008

0.0006
0.00062000

mm10.003

0.001
0.0013000

mm30.004

0.001
0.0014000

mm'0.005

0.002
0.0025000

mm'0.007

0.002
0.003

Table 1 Mean days <Â±SD)to specific tumor volumes for s.c. D-54 M(j tumors treated with 500 or 1000 Â¡idof'"l-lat>eled MAbs

Group (n =10)500

â€žCiIDSaline45.6

ATE81C6
IOD81C6
ATE81C6

ATE(50(V
larger initialtumors)1000

^CiIDSaline45.6

ATE8IC6
IOD81C6

ATE1000mm'15.2

Â±5.018.3
Â±3.524.9

Â±5.041.1
Â±8.633.8

Â±6.214.7

Â±4.537.943.1

Â±7.572.92000

mm'21.8Â±

7.423.7
Â±4.43

1.3Â±6.850.7
Â±8.841.0
Â±7.6I8.6Â±

4.846.555.9

Â±12.382.73000

mm'26.0

Â±8.528.5
Â±4.235.8
Â±6.656.6
Â±9.045.5
Â±8.323.6

Â±6.755.865.2

Â±16.093.54000

mm'29.8

10.032.1
4.540.8
7.061.1
9.749.7
8.826.7

Â±7.559.864.5

Â±9.9101.05000

mm'32.4

Â±10.139.0
Â±4.043.7
Â±7.665.4
Â±9.552.6

Â±9.729.1

Â±7.365.767.9

Â±8.5103.3Excluded

animals"1

LTR*3

LTR9TDr4TD3

LTR6TD

" Included in initial group (// = 10) hut excluded from calculations.
h LTR. long-term represser.
1TD, toxicitv death.

4166

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/16/4164/2444683/cr0510164164.pdf by guest on 19 M

ay 2023



THERAPEUTIC EFFICACY OF MAb LABELED USING ATE

TUMOR

en

|oâ€¢10-

100 200
hours post inj.

300

10 -

8 -

2-

0

BLOOD

100 200
hours post inj.

300

3 n
LIVER

2

Fig. 2. Tissue distribution of '"(-labeled E"
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days after MAb administration, the tumor uptake of 81C6 ATE
was 16.2 Â±1.0% ID/g, a value significantly higher than that
observed for 81C6 IOD (9.5 Â±0.5% ID/g; P < 0.005) or
nonspecific control 45.6 ATE (5.7 Â±2.0% ID/g). For 81C6 at
day 11, the tumor delivery advantage for the ATE preparation
had become a factor of >3. Similarly, in the 1000 ÃŸCiexperi
ment, tumor uptake for the 81C6 ATE preparation decreased
from 18.9 Â±7.2% ID/g at day 2 to 14.1 Â±3.9% ID/g at day
11, levels 2- to 3-fold higher than those observed for 81C6
IOD.

The percentage of injected dose taken up by the thyroid was
also measured as an indicator of the relative inertness to dehal-
ogenation of the three labeled MAb preparations. As shown in
Fig. 3, thyroid uptake for both MAbs labeled using ATE was
<0.3% ID. Although thyroid accumulation for 45.6 was lower
than for 81C6 at all time points, the differences were not
statistically significant.

Radiation Dosimetry. These tissue distribution data were used
to estimate the radiation absorbed doses received by D-54 MG
xenografts and selected normal tissues. As summarized in Table
3, the 500-ÃÃCidose of 81C6 ATE was calculated to deliver
7723 rad to tumor compared with 5200 rad for 81C6 IOD.

Radiation doses for normal tissues for 81C6 ATE ranged from
10 rad for muscle to 2624 rad for blood. These normal tissue
doses were quite similar to those calculated for 81C6 IOD. A
tumor dose of 18,858 rad was calculated at 1000 ^Ci for animals
receiving 81C6 ATE compared with 8196 rad for the 81C6
IOD. However, at this dose level, the radiation dose received
by the blood had increased to 6600 rad, 5172 rad, and 3437
rad for 45.6 ATE, 81C6 ATE, and 81C6 IOD, respectively.

DISCUSSION

Low tumor uptake and suboptimal tumor-to-normal tissue
radiation absorbed dose ratios are problems which continue to
limit the clinical utility of radioimmunotherapy. Improving the
efficacy of MAb radiotherapy will require advances in diverse
areas ranging from the development of MAbs with higher tumor
specificity to compensating for heterogeneities in tumor hemo-
dynamics and antigen presentation. From a radiochemistry
perspective, methods must be devised for labeling MAbs with
higher immunoreactivity and greater retention of radiolabel
following in vivo administration.

Catabolism of label from radioiodinated MAbs is reflected in
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Fig. 3. Thyroid uptake of radioiodinc after injection of "'I-labeled MAbs (500
i) in s.c. D-54 MG tumor-bearing athymic mice.

both clinical and animal studies by high levels of radioactivity
in thyroid and stomach as well as in the recovery of substantial
amounts of nonprotein-associated radioiodine in urine (13, 16).
The action of deiodinases normally involved in the metabolism
of thyroid hormones (14) on MAb iodotyrosine residues gen
erally is considered to be the primary cause of MAb dehalogen-
ation. To minimize the structural similarity of the protein
iodination site to thyroid hormones, we developed a method
involving radioiodination of ATE followed by coupling the
resultant /V-succinimidyl iodobenzoate ester to the MAb (15).
Using this labeling approach, both our group (13, 15, 23) and
others (26) have demonstrated decreased uptake of radioactivity
in thyroid and stomach, reflecting greater retention of label on
the MAbs.

Because conjugation techniques for the radioiodination of
MAbs minimize exposure of the protein to oxidants such as
those used in electrophilic iodination. they generally yield a
labeled protein with better biological properties. Nevertheless,
the adaptability of coupling procedures such as the Bolton-
Hunter (27) or ATE method to therapy-level '"I-specific activ

ities had not been documented previously. In this study we have
shown that the antitenascin MAb 81C6 could be labeled with
'â€¢"Iat specific activities greater than 24 /Â¿Ci/j/g.For MAb

labeled using the ATE method, values for specific binding and
affinity constants of these and other therapy-level "'I-labeled

81C6 preparations were in the same range as those reported
previously for this MAb at diagnostic-level specific activities
(13). In addition, high-specific-activity 81C6 ATE MAbs exhib
ited more favorable immunoreactivity characteristics than 81C6
IOD (this study) or Chloramine-T (16, 17) preparations at
therapy levels.

Retention of label on a MAb may be influenced by specific
radioactivity because of radiolytic and other effects (28). In this
study, the thyroid uptake in tumor-bearing athymic mice was
low, ranging between 0.10 and 0.28% ID at 2 to 11 days for
both 81C6 ATE and 45.6 ATE. These values are similar to
those reported previously (0.05 to 0.20% ID) (13) for the same
MAbs in this animal model at specific activities of 3 to 5 /iCi/
Mg.The thyroid uptake difference between 81C6 ATE and 81C6
IOD was only a factor of 4 to 10 compared with a 40- to 100-
fold difference reported for the trace-level studies (13). This
primarily reflects a much lower uptake for MAb labeled using
lodo-Gen, which may be due to compromised thyroid function
resulting from the therapy-level dose of '"I.

Of critical importance is the effect of improved stability and
immunoreactivity on the tumor retention of radiolabel. Pre
vious reports have documented the influence of MAb affinity
on tumor uptake in animal models (3, 23). Work by other
groups working with MAbs labeled using similar yV-succinimi-
dyl iodobenzoate esters (26, 29) has confirmed our observations
that this approach decreases dehalogenation; however, no sig
nificant differences in tumor uptake compared to MAb labeled
using lodo-Gen were reported. This may be related to the fact
that, in at least one study (29), immunoreactivity of the MAb
labeled using lodo-Gen was slightly higher or that the labeled
active ester was not purified prior to reaction with the MAb or
fragment. Although the tumor delivery advantage for labeling
81C6 via ATE was not as large as reported previously (13), at
therapy-level specific activities, use of ATE for MAb labeling
increased tumor retention by as much as 3-fold compared to
MAb labeled using lodo-Gen. The tumor delivery advantage
was larger in the 1000 pCi study, where differences in MAb
specific binding and affinity were greater. Taken together with
our previous study, performed at a tracer level, these results
suggest that both immunoreactivity and in vivo stability differ
ences contribute to the increased therapeutic efficacy of 81C6
labeling using the ATE method.

For a new labeling method to be useful in radioimmuno-
therapy, theoretical advantages must translate into quantifiable
differences in therapeutic response. Lee et al. (16) have dem
onstrated previously the therapeutic efficacy of 81C6 labeled
with "'I using the Chloramine-T method. The delay in tumor

growth, which we observed for 81C6 labeled by lodo-Gen, a
similar electrophilic iodination method, was in the same range
as that reported by Lee et al. ( 16).

The most important aspect of the current investigation is the
demonstration that use of the ATE method for radioiodination
resulted in statistically significant improvement in the thera
peutic efficacy of MAb 81C6. At 500 Â¿/Ci,the tumor growth
delay for MAb labeled using ATE was generally three times
longer than for MAb labeled using lodo-Gen. Long-term tumor
regression with no increase in tumor volume for 180 days was
achieved in 3 of 10 animals receiving this dose of 81C6 ATE.
No other long-term regressors were seen with the exception of
an animal in the 81C6 IOD group with a tumor that progressed
to 450 mm1 and then sustained regression.

These results are consistent with dosimetry calculations,
which predicted that integrated tumor radiation doses for ani
mals receiving 81C6 ATE preparations were about twice those
for 81C6 IOD. The dose to D-54 MG s.c. tumors of '"I 81C6

labeled via ATE was estimated to be 15,000 to 19,000 rad/
mCi, a range somewhat higher than the 10,000 rad/mCi cal
culated from the trace-level biodistribution study (8). These
differences are consistent with the observation that rapid tumor
growth of these xenografts occurs at diagnostic and not thera-

Tablc 3 Estimateli radiation doses (rad) delivered at 1000 and 500 Â¡tdID of'"/-labeled MAhs in s.c. D-54 A/6' tumor-bearing athymic mice

81C6 ATE 8IC6 IOD 45.6 ATE

Tissue 1000 MCi 500 â€žCÂ¡1000 â€žCi 500 ,,CÂ¡ 1000 pCi 500 Â»Ci

TumorBloodLiverSpleenKidneyBrainLungTestesMuscle18.8585.1727191.727817651.3952541517.7232.62424558035930701132108.1963.4376181.35344943900229955.2002.7174341.2623852575318953.0076.6601.0013.031934741.831367331.6672.4374971.10344733797104112
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peutic levels, resulting in as much as 52% underestimation of
tumor dose if trace-level tumor uptakes are used to reflect
therapy-level distributions (16).

The toxicity observed at the 1000-i<Ci dose level is consistent
with previously reported results. Badger (3) demonstrated dose-
related marrow depletion in the 500- to 1500-jiCi dose level
with '"I-labeled MAbs in an athymic murine leukemia model

system. In our study, the number of animals surviving past 20
days decreased from 6 of 10 for 81C6 IOD to 4 of 10 for 81C6
ATE to only 1 of 10 for the 45.6 ATE group. It is worth noting
that the blood pool dose calculated for the 3 groups was 3437,
5172, and 6660 rad, respectively, an observation consistent
with bone marrow-related toxicity. Lee et al. (16) did not report
toxicity at the 1000-juCi level during the 11-day observation
period. Nevertheless, as in the present study, there was some
indication of toxicity at later time points. Two approaches for
circumventing dose-limiting toxicity are fractionation of labeled
MAb dose (4) and the use of bone marrow reconstitution (30).

It is important to note that in the 500 ÃŸC\8IC6 ATE
treatment group, tumors eventually progressed in 7 of 10 ani
mals whose tumors were calculated to have received a cumula
tive dose of 7723 rad. A limitation of the Medical Internal
Radiation Dose method is that it provides only an estimate of
the average dose to tissue. Since it is quite possible that delivery
of labeled MAb to tumor was heterogeneous due to variability
in tumor hemodynamics and antigen expression, it seems likely
that less than curative doses could have been delivered in the
regions of some tumors. Heterogeneities such as these, coupled
with the rapid doubling time of the D-54 MG line, probably
account for the eventual regrowth of some tumors receiving an
apparently curative dose of radiation. Studies are in progress
using quantitative autoradiography to determine the magnitude
of these effects in this model system.

In summary, we have demonstrated that use of the ATE
method for radioiodination of a MAb results in a significant
therapeutic advantage compared with the same MAb labeled
using conventional labeling methods. This advantage was pre
dicted by previous observations of improved tumor localization
and higher immunoreactivity with 81C6 ATE in biodistribution
studies. Nevertheless, the demonstration that improvements in
chemistry of MAb radiohalogenation increase the efficacy of
radioimmunotherapy had not been reported previously. Based
on these results, we are initiating clinical investigations utilizing
MAb radioiodinated using the ATE method. A robotics system
has been designed and is being evaluated for preparation of
clinically relevant therapy doses.
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