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ABSTRACT

Lack of tumor specificity renders current modalities for treating ma
lignant glioma ineffective. The administration of '"Â¡-labeled monoclonal

antibody (Mah) 81C6, which reacts with the glioma-associated extracel

lular matrix antigen, tenascin, to nude mice carrying s.c. human glioma
xenografts has resulted in significant tumor growth delay and tumor
regression. In this study, we evaluated the therapeutic efficacy of '"I-

labeled 81C6 in athymic rats bearing intracranial human glioma xeno
grafts, a more appropriate model for human gliomas. Mah 81C6, an
IgG2b immunoglobulin, and an isotype-matched control Mab, 45.6, were
labeled at 12.5-23.6 mCi/mg with chloramine-T. The Mabs were given
i.v. at 1.25 and 2.5 mC Â¡/animalfor "'I-labeled 81C6, and 1.25 mCi for
1"I-labeltd 45.6 control. Therapeutic response was evaluated by survival

prolongation using Wilcoxon rank sum analysis. Three experiments were
done. No significant survival prolongation was found in the trial in which
the average tumor size at the time of Mab administration was 60 Â±14
mm ', two-thirds the size which causes animal death. In experiment 2,
Mab was given at 16 Â± 14 mm3 average intracranial tumor volume.
Statistically significant ( /' Â£0.005) survival prolongation was found for
animals treated with 2.5 mCi ' "I-labcled 81C6. In that experiment, male

animals with intracranial xenografts had significantly shorter survival
than females (/' < 0.005). When only female animals were used in the

analysis, the 1.25-mCi 81C6 group also was found to have longer survival
benefit (/' Â£0.01). In the third experiment, only female animals were
used and the tumor size at the initiation of treatment was 20 Â±9 mm3.
Highly significant survival prolongation again was found in both 1.25 (/'
= 0.001) and 2.5 mCi (/' < 0.001 ) ' "I-lahelcd 81C6 groups. The estimated
dose to intracranial tumors from 1.25 mCi of I3ll-labeled Mab was 1585

rads for 81C6 and 168 rads for 45.6. Dose to other organs from 81C6
and 45.6 was similar, ranging between 31 rads to the brain and 734 rads
to the bone marrow. However, normocellularity was observed in most
marrow tissue examined microscopically. Three animals receiving the
low dose (1.25 mCi 81C6) survived for more than 71 days with apparent
cures. In conclusion, intracranial human glioma xenografts were treated
successfully with ' "l-labvlcd 81C6 but not control Mab.

INTRODUCTION

The objective of targeting human gliomas with antibodies
has been attempted with conventional heteroantibodies for di
agnostic and therapeutic purposes. Day et al. ( 1) demonstrated
specific localization of radiolabeled rabbit anti-human glioma
antibodies in human brain tumors in vivo by a qualitative
analytical method based on tissue fraction distribution in
gliomas. However, problems such as low specific antibody yield
(approximately 0.0002% of whole antiserum globulin), normal
tissue cross-reactivity, and heterogeneity of antibody-specific
affinity limit the application of labeled heteroantibodies. In
contrast to heteroantibodies, monoclonal antibodies operation
ally specific to tumors can be produced in high quantity with
high homogeneity.
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Radiolabeled Mabs3 against tumor-associated antigens have

been investigated in human tumor xenograft models as well as
in human trials. Various systems have been studied including
lymphoma, colorectal carcinoma, melanoma, ovarian carci
noma, and breast cancers (2-8). For human glioma, Kemshead
et al. (9) have demonstrated positive brain tumor images 12-
14 days after injection of murine Mab UJ13A in patients,
although in later paired-label studies there was no specific
antibody localization observed with this antibody (10). Mono
clonal antibodies reactive with primary brain tumors that local
ize specifically, but not with normal brain, would provide a
potential means of delivering diagnostic and therapeutic agents
selectively to human malignant gliomas (11).

Mab 81C6, an IgG2b immunoglobulin, defines an epitope of
the extracellular matrix antigen tenascin, present in many hu
man glioma cell lines, primary human gliomas, and glioma
xenografts in nude mice and rats, but not in normal adult or
fetal brain (10). In paired-label studies, radioiodinated 81C6
has been shown to localize specifically in s.c. and i.e. HGL
xenografts ( 12). The specificity of localization was high enough
to allow imaging of intracranial tumors as small as 20 mg. In
contrast, with radiolabeled control Mab 45.6, only tumors much
larger in size (300 mg) could be imaged (13). In therapeutic
trials, we have achieved significant growth delay and tumor
regression of s.c. D-54 MG HGL xenografts in nude mice after
injection of ' " l-labclcd 81C6 (14). In a preliminary paired-label
study of the utility of ml-labeled 81C6 administered in the

carotid artery for the specific delineation of gliomas in patients,
increased tracer accumulation was noted in regions correspond
ing to computerized tomography-defined tumor sites, and an
tibody to control immunoglobulin ratios of up to 5:1 were
observed in biopsies of the intracranial gliomas (15).

In this study, we have evaluated the therapeutic efficacy of
'"I-laliclcd 81C6 in intracranial tumors because this model

possesses some unique biological characteristics resulting from
the intracranial environment. These include the presence of the
blood-brain barrier, which can decrease the accessibility of
antigenic target sites for Mabs, and altered antigen expression
and distribution; all influence the result of treatment (16, 17).
We have demonstrated significant survival benefit in animals
carrying intracranial D-54 MG xenografts treated i.v. with I3II-

labeled 81C6 compared to animals receiving labeled control
Mab.

MATERIALS AND METHODS

Intracranial Xenograft Model. HGL D-54 MG, the Duke University
subline A-172 established by G. Todaro (18), is serially transplantable
as a s.c. tumor in athymic mice. For i.e. experiments, athymic rats
obtained from a colony maintained at Animal Laboratory and Isolation
Facility, Duke University, were inoculated with 10 n\ of D-54 MG
homogenate, prepared from s.c. tumors, in the right hemisphere at a
depth of 5 mm using a Hamilton syringe fitted with a No. 23 Luer stub

3The abbreviations used are: Mab, monoclonal antibody, HGL, human glioma

cell line; i.e., intracranial.
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adapter needle (Becton Dickinson, Parsippany, NJ) and plastic depth
gauge. The homogenate was prepared by mixing an equal volume of
1% methylcellulose (Fluka, Buchs, Switzerland) in zinc option medium
with homogenized tumor cell pellets. Intracranial tumor growth was
monitored by both animal survival and direct tumor size measurement
of brain/tumor sections from animals sacrificed at different times. D-
54 MG HGL grows as a well circumscribed intracranial tumor in
athymic rats. The length of the shortest and longest diameters was
measured. Estimated tumor volume was determined according to the
formula: [(short dimension)2 x (long dimension)]/2.

Monoclonal Antibody. Mab 81C6 and a control Mah of the same
IgG2b isotype, 45.6 TG 1.7 (45.6), were purified from culture superna
tant using a protein A-sepharose affinity column. Mab 45.6 is a mye
loma IgG2b with no known specificity. The purity of Mabs was exam
ined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
high pressure liquid chromatography. Mabs were labeled with ' "1 using

the chloramine-T method (19) and passed through a 10-ml Sephadex
G-25 fine column to separate labeled Mabs from free iodide. The ' "I
activity in the void-volume peak of these preparations was 95-98%
precipitatile in trichloroacetic acid and demonstrated a single peak
profile on a size exclusion high pressure liquid chromatography column
with a retention time corresponding to intact IgG. All Mabs were used
within 4 h of labeling.

Immunoreactivity Assay and Mab Affinity Determination. The binding
characteristics of purified radiolabeled Mab 81C6 were analyzed by
immunoreactivity and affinity assays. For immunoreactivity assay, 100
ng of 13ll-labeled 81C6 or 45.6 Mab were incubated overnight with 300

mg of washed D 54 MG s.c. tumor homogenate in 1 ml 0.15 M
phosphate saline buffer. The amount of 45.6 bound to the tumor
homogenate was considered to represent nonspecific binding and was
subtracted from the percentage of 81C6 bound in order to calculate the
specific binding percentage of "'I-labcled 81C6. For measurement of
81C6 Mab binding affinity, a high antigen-expressing HGL, U251MG-
clone 3, was used and an antigen-negative human osteogenic sarcoma
cell line, 2T, was used to determine nonspecific binding. For each line,
5 x IO4cells/well were plated in 96-well plates in 10% fetal calf serum

zinc option medium 3 days before assay. Serial dilutions of batches of
ml-labeled 81C6 Mab used in the therapy experiments were added to

both cell lines in quadruplicate and incubated overnight. Binding data
were analyzed using the Equilibrium Binding Data Analysis program
obtained from the Biomedicai Computing Technology Information
Center, Vanderbilt Medical Center, Nashville, TN, and modified for
an IBM PC computer by McPherson (20). Binding affinity was com
pared to previous data with 81C6 obtained at the lower specific activities
(0.4-5.6 mCi/mg) used in radiolocalization experiments.

Therapeutic Trials. Three experiments were performed. Animals
carrying intracranial D-54 MG tumors were randomized according to
body weight the day before therapy. In the first two experiments, both
male and female animals were used with weights varying from 100 to
400 g. Only female athymic rats weighing between 150 and 200 g were
used in the third experiment. Lugol's solution was also given, starting

1 day prior to treatment and continuing throughout the experimental
period, to block iodine uptake in the thyroid. Ten animals per treatment
group were used routinely except in experiment 2; five animals were
used for the 2.5 mCi/200 /ig treatment group. In each experiment, five
additional animals were sacrificed on the day of Mab injection to
establish the existence of i.e. tumors and to obtain the average tumor
volume at the initiation of therapy. The animals were kept in an
isolation environment (Animal Laboratory and Isolation Facility, Duke
University) and checked twice daily for survival. Each animal was
examined after death to establish the existence of an intracranial tumor.

Animal groups in experiment 1 were given buffer (phosphate saline
buffer, 2% bovine serum albumin), unlabeled 81C6 (100 /ig), 131I-labeled
81C6 (1.39 mCi/100 /Â¿g),or l31I-45.6 (1.61 mCi/100 /ig) via the femoral

vein 14 days after tumor inoculation. In experiment 2, buffer, unlabeled
81C6 (100 Mg),131I-81C6 (1.25 mCi/100 /ig and 2.5 mCi/200 /<g),or
l31I-45.6 (1.25 mCi/100 jig) was given to animals 10 days after tumor

transplantation. A similar protocol was used in experiment 3 with
unlabeled 81C6 (100 /ig), '"I-81C6 (1.25 mCi/53 /ig and 2.5 mCi/106
/ig), or l3'I-45.6 (1.25 mCi/46 /ig) given 11 days after tumor inoculation.

Treatment response was evaluated using Wilcoxon rank sum test by
comparing the animal survival time in groups given Mabs 81C6, ' "1-
81C6, and l3'I-45.6 with that of animals treated with buffer control

(21). The mortality difference between male and female rats in all
control groups (buffer, 81C6, l3'I-45.6) was also compared.

Antibody Localization and Radiation Dosimetry. In experiment 3, 30
additional animals were given injections of 1.25 mCi of either '"I

labeled 45.6 or 81C6 and were used for antibody biodistribution and
dosimetry analysis. Three animals from each group were sacrificed on
days 1, 2, 4, 8, and 12 after Mab injection. Blood, femur, intracranial
tumor, and normal brain samples were taken immediately after animal
death. The rest of the animal carcass was stored in a â€”20Â°Cfreezer
until 30 days after Mab injection to allow for decay of '"I activity.

Tumor, blood, and various tissues were weighed and counted in a
gamma counter (Packard Instruments, Downers Grove, IL). Bone
marrow was derived from the red marrow of femurs. The levels of I3'I

in tissue samples were compared to injection standards of appropriate
dilution in order to calculate the percentage of the injected Mab dose/
g of tissue.

For calculation of radiation dosimetry, tissue '"I levels measured on

day 30 after injection were corrected for radiation decay to days 1, 2,
4, 8, and 12 postinjection. Cumulative absorbed radiation doses were
calculated using the trapezoid integration method as described (14).
Cumulative activity in each tissue was calculated from the area under
the percentage of dose/g tissue uptake curves using the trapezoid
integration method as described (14). Distribution of '"I in each tissue

was assumed to be homogeneous. These data were then converted to
/iCi â€¢h/g by multiplying the percentage of dose â€¢h/g data by the /iCi
injected in each treatment group. Radiation doses in rads were calcu
lated using the standard method of the Medical Internal Radiation
Dose Committee by multiplying the integrated /iCi-h/g by the g â€¢rads/
nCi-h factor for I31I,0.4313 (22).

RESULTS

Intracranial Model. Following i.e. transplantation of D-54
MG tumor homogenate, 100% of control animals died within
14-22 days. There was no correlation between the presence of
neurological signs and symptoms and the time of animal death.
Randomization to treatment and control arms was thus done
according to animal weight at the time of Mab injection. An
average tumor volume of 93 Â±31 mm3 at death was seen (Fig.

1). All tumors were well circumscribed with minimal invasion
of surrounding brain (Fig. 2/4). The average tumor volumes at
the time of Mab administration in the three treatment experi
ments were 60 Â±14 (SD), 16 Â±14, and 20 Â±9 mm3, respectively

(Table 1).
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Fig. 1. D-S4 MG intracranial growth curve, tumor volume at animal death,
and treatment tumor volumes. Tumor doubling time is 2.5 days.
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Fig. 2. Whole brain section for tumors at animal death (A) and at the beginning
of treatment for experiment 2 (A), and for brain of "cured" animals surviving

255 days after tumor inoculation (C). Well circumscribed tumors were seen in A
and B. No evidence of tumor was observed in C, with original needle tract seen.
T, tumors; arrow, needle tract. H & E.

Characterization of '"I-81C6. The binding characteristics of
'"I-labeled 81C6 used in the therapeutic studies were analyzed

by both percentage of immunoreactivity as determined by ab

sorption with D-54 MG tumor homogenate and Scatchard
analysis of binding affinity to an antigen-expressing cell line in
vitro. After correction for nonspecific binding, 40-50% binding
activity was observed for 81C6 used in treatments after over
night incubation in the immunoreactivity assay. A range of 35-
70% immunoreactivity was obtained in previous localization
experiments using lower specific activity 81C6. The binding
affinity of therapeutic level I31I-81C6 (23.6 mCi/mg) was 3.03
x IO8 M"' in experiment 3 (Fig. 3), even though the I31I-81C6

used had the highest specific activity used in the three experi
ments. This compared favorably to a range of 3.3 x 107-3.0 x
IO8 M~" found in previous experiments using lower specific
activity 13ll-labeled 81C6 (0.5-5.0 mCi/mg). These data indi

cate that, at the higher specific activities used in these studies,
the binding affinity and immunoreactivity of I31l-labeled 81C6
were preserved and permitted a direct comparison of the bio-
distribution data presented herein with the data obtained pre
viously in localization and imaging experiments.

Antibody Biodistribution. The Mab blood clearance and the
localization profiles expressed as percentage of dose/g tissue in
normal tissues and tumor are shown in Fig. 4. Because control
Mab 45.6 failed to produce any survival benefit, only one animal
in the 45.6-treated group was alive at 8 days and available for
measurement of antibody biodistribution. Two animals in the
81C6 treatment group remained alive at day 12. After i.v.
injection, a biphasic clearance from the blood was observed,
similar to that observed previously in trace-labeled localization
experiments. No difference was seen between 81C6 and the
control Mab, 45.6; both cleared from the blood with a half-life
of 2.8 days. No difference in 81C6 and 45.6 antibody localiza
tion in all other normal tissues examined was observed, with
the concentration of 13II reaching a peak 24 h after Mab

injection and decreasing slowly afterward. There was minimal
localization in the brain and muscle. A relatively high ' "I level,

however, was observed in the bone marrow.
The level of 13ll-labeled 81C6 in tumors did not reach a

plateau (2.9% injected dose/g) until 48 h after Mab injection;
it decreased to 1% injected dose/g at 12 days. The localization
index, the average ratio of specific 81C6 Mab to control 45.6
Mab in the tumor normalized to blood level, increased contin
uously from 6.2 at 24 h to 15 at day 8 after Mab injection.
Tumor '"I-labeled 81C6 levels remained higher than those in

any other tissue at all time points. The concentration of control
Mab '"I-labeled 45.6 in tumors was similar to the level achieved

in normal tissues, basically reflecting the blood level at each
time point. These data are similar to those obtained in trace
label localization experiments.

Intracranial Tumor Therapy. In experiment 1 (Fig. 5A), tumor
size at the initiation of treatment was 60 Â±14 mm3 (Fig. 1).

All buffer control animals died within 4 days. No significant
difference between buffer control and treatment groups (buffer
versus 81C6, P = 0.5; buffer versus '"1-45.6, P = 0.398, buffer
versus '"I-81C6, P = 0.140) was found, presumably because of

the large average initial tumor size. However, four animals in
the I3'I-81C6 treatment group had slightly longer survival times
(20-22 days), suggesting possible benefit in animals carrying
small tumors at the beginning of treatment.

In experiment 2 (Fig. 5B), the treatment was initiated 10
days after tumor injection with a 16 Â±14 mm3 average tumor

size (Fig. 1). The buffer control animals died between days 14
and 19 postinoculation. Survival data again were analyzed with
the following significances of difference observed: buffer versus
81C6, P = 0.5; buffer versus '-"1-45.6, P = 0.456; buffer versus
1.25 mCi 131I-81C6,P= 0.095; buffer versus 2.5 mCi 131I-81C6,
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Table 1 Statistical analysis ofD-54 MG i.e. xenograft treatment response

Initial tumor Animal
Experiment volume"no.1

60 Â±14mm3 10

1010

102

16Â±14mmJ 10

1010

10
53

20 Â±9 mm3 10

1010

10TreatmentBuffer

81C6131I-45.6

131I-81C6Buffer

81C6131I-45.6

'"I-81C6
1311-81C681C6

131I-45.6131I-81C6

131I-81C6Dose100

^g1.61

mCi/lOOf.g
1.35mCi/100^g100

Mg1.25mCi/100ÃÃg

1.25mCi/100Mg
2.5 mCi/200Â».g100,1g

1.25mCi/45^g1.25mCi/53,ig

2.5 mCi/106^gMedian

survival
(days)16

16161716

1516

20
2216

182326Survival

range
(days)15-18

15-2315-20

15-2214-19

13-2414-20

14-25
18-3914-22

15-2315-71

23-33PÂ»NSCNS

NSNSNS

(0.095)''

0.004NS0.001

<0.001
Â°Mean Â±SD.
b Statistical /"-value of treatment group compared to control group using Wilcoxon sign rank test.
c NS, not significant.! /' > 0.05)
d P Â£0.03 when only female animals were used for statistical analysis.
" Significant as P < 0.05.
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Fig. 3. Scatchard analysis comparing binding affinity of trace-labeled (a) and
therapeutic-ally labeled (b) Mab 81C6 on cell line U251-C13). Radioactive specific
activity; trace-label, 3.8 mCi/mg; experiment 3 label, 23.6 mCi/mg.

P = 0.004. Animals receiving 2.5 mCi 131I-81C6 also had

significantly longer survival than the unIaheled 81C6 (P = 0.01)
and the l311-45.6 treatment animals (P = 0.01) but had thera
peutic results similar to lower dose (1.25 mCi) '"I-81C6 ani

mals (P = 0.339). Such data would predict a significant survival
benefit (P < 0.05) for 1.25 mCi l311-81Co-treated versus buffer
(P = 0.095), unlabeled 81C6 (P = 0.14), and 131I-45.6 (P =

0.116). This incongruity led us to examine the animal survival
data more closely. In eight animals that died in the first 3 days
(days 13-15), regardless of the group to which the animal
belonged, seven were male athymic rats. The two animals with
apparent cures in experiment 2 and the last four animals of the
13II-81Co-treated group in experiment 1 were all female.

We proceeded to analyze the sex dependence of animal
survival by comparing the survival data of male and female
athymic rats pooled from buffer control, unlabeled 81C6, and
131I-45.6-treated groups in experiment 2. Male athymic rats
with intracranial D-54 MG tumors died significantly earlier
than their female counterparts (P < 0.005). The effect of body
weight may also have contributed to this apparent sex difference
since most male animals (13 of 20) were larger than 300 g,
whereas all females were between 150 and 300 g. When only
male animals with weight less than 300 g were used in compar
ison, less significant results were obtained (0.1 > P > 0.05).

The survival data in experiment 2 were Â«evaluated with only
female animal data. In agreement with our expectation, 1.25
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BONE MARROW
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48 96 144 192 240 288 48 96 144 192 240 288 48 96 144 192 240 288

HOURS AFTER Mob INJECTION

Fig. 4. Biodistribution of '"l-lubeled Mabs 81C6 and 45.6 in intracranial D-
54 MG tumor-bearing animals.

mCil311-81 Co-treated animals now showed significantly longer
survival than the buffer controls (P < 0.03). This result became
even more obvious when both buffer and unlabeled 81C6 groups
were used as controls (P< 0.01). Whatever the cause, it seemed
judicious to use only one sex in subsequent survival experi
ments. As female athymic rats attained their maximal adult
weight of approximately 250 g earlier than male animals, we
elected to use only female animals for the third experiment.

In experiment 3 (Fig. 5C), the treatment was begun on day
11, when the average tumor size was 20 Â±9 mm3 (Fig. 1).

Statistically significant survival prolongation was found in com
parison to the unlabeled 81C6 control for both 1.25 (P= 0.001)
and 2.5 mCi (P < 0.001) 131I-labeled 81C6 groups, but not for
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Fig. 5. '"I-81C6 therapy of intracranial D-54 MG in nude rats. Mortality

distribution of three different experiments.. I. experiment 1; B, experiment 2; and
C, experiment 3.

the "'I-labeled 45.6 group (P = 0.102). Again there was no
significant difference between 1.25 and 2.5 mCi "'I-81C6-
treated groups (P = 0.124) despite the apparent early survival
advantage and longer median survival (26 versus 23 days) in the
2.5 mCi-treated group.

In addition, three animals with apparent cures were observed
in the last two experiments following treatment with "'I-labeled

81C6. Interestingly, all were in animals receiving the lower dose
of 1.25 mCi "'I-labeled 81C6. In experiment 2, the two long-

term survival animals died 147 and 255 days after tumor
inoculation. The apparently cured animal in experiment 3 lived
until 71 days postinoculation. All animals were examined at
the time of death and no tumor was found (Fig. 2C). Previous
intracranial injection was evidenced by the presence of a needle
tract in the brain.

Dosimetry. Biodistribution data for "'I-81C6 and 45.6 in

various tissues and tumors were used to calculate the cumulative
/iCi-h/g for the tissues of interest. Radiation-absorbed dose
calculations were performed using standard Medical Internal
Radiation Dose Committee formalism. For i.e. tumors in
athymic rats, 1585 rads were delivered by 1.25 mCi "'I-81C6

over a period of 12 days, whereas only 168 rads were delivered
by '-"1-45.6. These data were similar to the radiation doses
predicted from trace-labeled localization studies. Lower radia
tion doses were delivered to most normal organs (Table 2),
ranging from the lowest to the brain (31 rads) to the highest to
the bone marrow (734 rads). No significant difference was
observed between I3'l-labeled 81C6 and 45.6 dose in all normal

organs. Except for the three athymic rats with long-term sur
vival, all animals were presumed to have died from the docu
mented presence of intracranial D-54 MG tumors. Theoreti
cally, immunologie-ai suppression may be problematic as 600-

700 rads were delivered to athymic rat bone marrow. In general,
though, radiation damage was not evident by morphological
examination of femur marrow tissue sections. Normocellular
marrows were observed in animals euthanized at days 1, 2, and
4 after Mab injection for both 81C6- and 45.6-treated groups.
Marrow examined for the day 8 animal for 45.6 and the day 12
animal for 81C6 was also normal. Only one animal (81C6, day
8) had a hypocellular marrow.

DISCUSSION

The therapeutic effect of various radiolabeled tumor-associ
ated Mabs has been demonstrated in many animal models;
however, the distinctive tumor response for each system and
the occasional disparity between in vitro cytotoxicity and neg
ative therapeutic results in vivo indicate the uniqueness of each
Mab-antigen system (23-31). The effectiveness of Mab tumor
therapy depends not only on immunological factors such as
Mab specificity, binding affinity, immunoreactivity, antigen
density, antigen heterogeneity, and Mab and antigen in vivo
stability, but also on nonimmunological factors such as tumor
location, tumor blood flow, vascularization, permeability, an
tigen availability, extracellular fluid circulation, and differential
radiation sensitivity (11, 29, 32-34). Of these, accessibility is
particularly important for brain tumors as the existence of the
blood-brain barrier may exclude Mab from the tumor paren
chyma.

In order to optimize therapeutic results with minimal toxic
ity, it is important to characterize the above-mentioned factors
in each system in detail. The in vivo kinetics and tumor local
ization of the antiglioma extracellular matrix Mab 81C6 in
both s.c. and intracranial xenografts of a human glioma cell
line D-54 MG have been well established (11,13, 35). The high
concentration of '"I-81C6 localized in s.c. tumors led us to

perform initial therapeutic experiments in s.c. tumor models in
nude mice. A clear dose-related antitumor effect for '"I-labeled

81C6 was demonstrated (14). Significant tumor growth delay

Table 2 Dosimetry of Mabs in D-54 MG Â¡ntracranialtumor-bearing nude rats

TumorBrainHeartLungLiverKidneySpleenBone

marrowMuscle131I-labeled

81C6158533282442307287223606161"'I-labeled45.616831202389233235206734109
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and regression were achieved in animals receiving 250, 500,
and 1000 Â¿tCiof 131I-labeled 81C6. Biodistribution data per

formed in parallel with survival studies indicated a radiation
dose delivered to tumor of 9719 rads, at 1000 /Â¿Ci,a dose which
was 35% higher than the dose predicted by extrapolation from
prior trace-labeled localization studies.

Compared to the s.c. model, intracranial D-54 MG xeno-
grafts in athymie rats showed a much lower radiolabeled 81C6
peak level (2.5% versus 15% injected dose/g tumor), with a
marked intratumoral Mab distribution difference (35). In intra
cranial xenografts, the expression and availability of antigen
for binding was greatest within central as compared to periph
eral regions (35). Also found was the regional variation in both
capillary permeability and capillary surface area within the
intracranial D-54 MG gliomas. In contrast, peripheral regions
of s.c. xenografts have the highest level of antibody uptake.
These data suggest a variability of antigen expression between
the two systems and/or the possibility of persistent blood-brain
barrier in the intracranial tumor periphery, reflecting host-
tissue effects. With such information at hand, it is imperative
to pursue therapeutic approaches in the intracranial model.

In this study, a therapeutic effect was seen for 81C6 only in
animals carrying intracranial xenografts with an average tumor
volume approximately one-fifth the size (16-20 mm3 versus 93
mm3) that would cause animal death, or about two tumor

doubling time periods (5 days) ahead of control animal median
survival day (16 days). This result correlated well with previous
s.c. therapy data, which showed that the tumor growth delay
caused by localized 13IIradiation will not be apparent until 3-

4 days after treatment initiation. The radiation delivered by
radiolabeled Mab is cumulative rather than instantaneous, as
when given by external beam irradiation. Tumor size in exper
iment 1 was apparently too large since only one-half of a tumor
doubling time (1.8 day) was available for the radiation effect to
be evident. The four animals with slightly longer survival times
were not enough to change the statistical significance. Much
improvement was observed in experiments 2 and 3 in which
sufficient time was given for the accumulating radiation to take
effect.

Another intriguing explanation is the size dependence of
tumor uptake and/or response which has been observed previ
ously not only in our s.c. therapy experiment (D-54 MG tumor
regression consistently correlated with smaller initial tumor
size) (14) but also by others. For example, in localization
experiments, Moshakis et al. (36) demonstrated that specific
localization occurred only in tumors smaller than 200-250 mg.
This may be a tumor model-dependent phenomenon since, in
other systems, higher antibody concentration was found in
larger tumors (23). However, the distribution of Mabs in tumors
is highly heterogeneous as demonstrated by autoradiography.
Perivascular and peripheral areas usually have the highest ac
cumulation in most tumor model systems (29, 35). With larger
tumor volumes, the increased possibility of hypoxia and necro
sis in the hypovascular area will further undermine Mab acces
sibility to target sites (24, 35) and diminish the effectiveness of
radiation. "Cold regions" of low Mab binding in larger tumors

represent possible trouble spots for Mab therapy (37). Thus,
using the average percentage of injected Mab dose per g data
for dosimetry calculations which assume a homogeneous dis
tribution of radionuclides in the tumor may be an oversimpli
fication.

For D-54 MG glioma intracranial xenografts, the combina
tion of small tumor size, the choice of a medium-range ÃŸparticle
emitter such as I3II, and the use of antiextracellular matrix Mab

may have synergistic effects for radiation response. Significant
survival benefit and three apparent cures were obtained despite
the low average dose of 1585 rads delivered by I3ll-labeled 81C6

through the experimental period of 12 days. The average radius
of the 20-mm3 tumors (experiments 2 and 3) is only 1.7 mm,

which falls well within the average and maximal ranges of 0.6
and 2 mm for the 13IIÃŸparticles. Despite central localization
of I31l-labeled 81C6 in the intracranial D-54 MG xenografts
(35), the peripheral area, even if protected by the residual blood-
brain barrier, may still be exposed to sufficient therapeutic
radiation. In addition, previous studies have shown that ant Â¡ex
tracellular matrix Mab 81C6 is retained for long periods in the
tumors (38).

In experiments 2 and 3, a dose of 2.5 mCi '"I-labeled 81C6

resulted in no significant improvement in animal survival com
pared to a dose of 1.25 mCi. The radiation dose delivered to
the tumor at the higher 13IIdose, if proportional to the injected
Mab, should be approximately 3000 rads, which had a dose-
dependent tumor growth delay effect in the s.c. xenografts (14).
However, the calculated radiation dose doubling may not have
been possible if saturation of antigen sites had already been
achieved with 1.25 mCi (53 Â¿ig)I31l-labeled 81C6. Moreover, if

the radiation level of 1500 rads is on the asymptotic portion of
the response curve of intracranial D-54 MG tumor, a large
increase in radiation dose could have minimal benefit (39).

Another significant factor is the possibility of bone marrow
toxicity. Both tumor-specific Mab 81C6 and control Mab 45.6
delivered approximately 600-700 rads to the bone marrow
during the experimental period of 12 days. Death from marrow
ablation in AKR mice was observed with 500-600 rads external
beam irradiation (24). However, direct examination of bone
marrow in these animals failed to show significant marrow
suppression. The apparent high doses may be due to blood
contamination during marrow sampling. Nevertheless, by dou
bling our injected Mab dose (2.5 mCi), a higher toxic dose will
be delivered to the rat marrow. The possible therapeutic benefit
of tumor treatment, as demonstrated by the apparently early
rightward shift of survival curve in the 2.5 mCi I31l-labeled
81Co-treated group, may be negated by the acute bone marrow
toxicity that supervened later. Previous studies in our laboratory
have shown that, by intracarotid injection, 20% more Mab
radiation dose can be delivered to the intracranial D-54 MG
xenografts with constant normal tissue exposure, including the
bone marrow (40). Along with such an approach, we are also
studying the feasibility of using immunoglobulin Fab and
F(ab')2 fragments and blood-brain barrier disruption to further

increase tumor delivery without increasing unnecessary normal
tissue exposure. In situations in which large amounts of radio-
labeled Mab are needed for curative therapy, posttherapy au-

tologous bone marrow transplantation may be required.
In summary, we have demonstrated a therapeutic response

in the D-54 MG intracranial human glioma xenograft model
with i.v. injection of '" I labeled antiglioma extracellular matrix

antigen Mab 81C6. Predicted dose to intracranial tumor using
1 mCi 13ll-labeled 81C6 ranged from 1000 to 2500 rads. No

response with a labeled control antibody indicates that the
therapeutic effect is related to specific localization of 81C6 in
gliomas. Despite the fact that a much lower dose was delivered
to intracranial xenografts (1565 rads) than their s.c. counter
parts (9719 rads) (14), the much smaller tumor size (20 versus
200 mm3) and the use of medium-range ÃŸemitter 13II may

contribute to the survival prolongation and apparent cures in
the intracranial xenografts. Moreover, the lack of dose-depend
ent response in animals treated with the double dose (2.5 mCi)
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highlighted the importance of extensive analysis of all param
eters, immunological as well as nonimmunological, involved in
the determination of Mab localization kinetics. Although we
regard these results as encouraging, a word of caution is appro
priate with regard to developing from them any general hypoth
esis of treatment of intracranial tumors with radiolabeled mono
clonal antibodies. D-54 MG intracranial xenografts are a rela
tively permeable i.e. tumor system (17, 35) compared to other
brain tumor models and may be more permeable to water-
soluble molecules than most human brain tumors in patients.
Moreover, this xenograft system, because of human species
specificity of the Mab used, offered an absolutely tumor-specific
model system, a phenomenon not yet obtained with Mabs
currently in clinical evaluation in patients. Nevertheless, these
results do demonstrate the ability to treat intracranial human
glicinias successfully with a single injection of a radiolabeled
Mab. This model system may allow the study of principles
necessary to achieve such a goal in patients with malignant
gliomas.
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