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ABSTRACT

Radioimmunotherapy using "Y-labeled diet hylenetriamine pentaacetic
acid-antibody conjugates was studied in Rauscher erythroleukemia virus-
infected mice. Preliminary experiments showed that biodistribution pro
files for nonrelevant mouse monoclonal antibody and polyclonal bovine
immunoglobulin were identical in both normal and leukemic mice. There
fore, bovine immunoglobulin G was selected as the control immunoglob
ulin in order to permit comparison to current clinical trials of
radioimmunotherapy regimens. Specific monoclonal antibody was two-
to three-fold more potent than bovine immunoglobulin G in therapy, as
assessed by reduction of splenomegaly (dose required for half-maximal
effect, 9 pd venus 16 to 27 fiCi). Mice treated with SO uCi WV-labeled

control immunoglobulin had spleens which were twice the normal size
and showed extensive areas of erythropoiesis indicative of the presence
of tumor foci; in contrast, doses as low as 27 pCi "Y-labeled specific

antibody resulted in complete remission with no microscopic evidence of
tumor foci in either spleen or liver. Although reversible marrow toxicity
was observed it was not dose limiting. These results demonstrate that
tumor-specific therapy is possible using w^ -labeled antibody.

INTRODUCTION

The development of agents which specifically kill tumor
tissue while leaving normal tissues unharmed challenged sci
entists since the turn of the century (1). Rad ioIabe led antibody
is one such drug which is beginning to be utilized successfully
in the diagnosis and treatment of neoplastic disease (for reviews,
see Refs. 2 and 3). Until recently, labeling of polyclonal or
monoclonal antibody with '"I was the only available option;
however, unfavorable 7 emissions, an 8-day physical half-life,
dose-limiting marrow toxicity (4-6), and, most significantly,
instability of the iodine label both in serum (7) and at the tumor
target (8, 9) have limited the clinical utility of radioiodinated
antibody. With the development of methods for attaching
melai-che lai ing groups to proteins (10-13), a wide range of
other potentially useful radioisotopes can now be evaluated.

Wessels and Rogus (14) recently suggested l86Re and ""Y as

the optimal radionuclides for use in radioimmunotherapy,
based on several characteristics, (a) Their half-lives of 3.7 and
2.7 days, respectively, are long enough for tumor localization
but short enough to minimize toxicity to organs involved in
catabolismi (b) there is little y emission from ""'Re and none
from 90Y,thereby decreasing toxicity to distant organs; (c) since
both nuclides have intermediate-energy ÃŸemissions with a
range in tissue of 100 to 1000 cell diameters, they are ideal for
therapy because cell killing can occur without internalization
of labeled antibody, and adjacent cells lacking surface antigen
expression can also be eliminated; and (d) since both radio
nuclides decay to stable daughters, additional toxicities are of
no concern. The feasibility of stable labeling of chelate-conju-
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gated antibodies with ""Y has recently been demonstrated by

Hnatowich et al. (15), and preliminary clinical studies (16) have
shown that higher dose rates and radiation doses may be
delivered to tumor tissue when '"Y- rather than 13ll-labeled

antibody is used.
Using the Rauscher (RVB3) virus-induced murine erythro

leukemia (17-19) and unlabeled M Ab4 103A, specific for the

viral envelope glycoprotein with a molecular weight of 70,000
(20), we have previously demonstrated specific immunotherapy
with a EDso of 1 Â¿Â¿gwhen treatment is initiated within 3 days
of infection. By 6 days after infection, the EDSOis 1 mg/mouse;
by day 8 of disease, doses of at least l mg of unlabeled antibody
have no therapeutic effect. Using I31l-labeled antibody, signifi
cant dose-dependent prolongation of survival could be achieved
by using 40 to 160 jiCi/30 n%immunoglobulin administered on
day 13 of the disease, but antibody specificity was not observed;
radiolabeled nonrelevant BIgG and nonrelevant mouse MAb
were as effective as specific MAb 103A, which we attribute to
whole body radiation (21). In all cases, animals eventually
succumbed to metastatic disease or infection secondary to bone
marrow aplasia. Multiple dose regimens, while superior to
single dose therapy, also failed to eradicate the disease.5

This study was designed to determine whether tumor-specific
radioimmunotherapy is attainable using ^-labeled monoclo
nal antibody. In addition to the characteristics listed above for
90Y,preliminary experiments showed it to be far more stable at
the tumor target than 13II(9), and thus suggested the potential

for delivery of much greater specific radiation doses to the
tumor using '"Y-labeled antibodies. In the experiments de

scribed herein we have determined the dose response in radio
therapy using 90Y-labeled antibodies targeted to erythroleu-

kemic foci, and have examined the specificity of this effect by
comparing monoclonal antibody 103A to nonrelevant bovine
polyclonal immunoglobulin. Since 90Y-labeled nonspecific

monoclonal antibody P3 was shown to have the same biodistri
bution and half-life in vivo as polyclonal bovine immunoglobu
lin, its use as a control in therapy studies was considered
redundant. Bovine IgG was selected because most trials of
radioimmunotherapy to date have used polyclonal sera (3, 5).

Experience in clinical trials (4, 5, 22) and animal model
systems (6, 21, 23, 24) to date has shown marrow suppression
to be dose limiting. For this reason we have monitored WBC
counts for 3 weeks following treatment to assess the extent and
reversibility of radiation-induced leukopenia. Bone marrows of
treated mice were also assessed microscopically at autopsy.

MATERIALS AND METHODS

Animal Model System. The use of the Rauscher murine erythroleu
kemia has been previously described (20). Female BALB/c mice, 5 to

4The abbreviations used are: MAb, monoclonal antibody; IgG, immunoglob

ulin G; BIgG, bovine immunoglobulin G; DTPA, diethylenetriamine pentaacetic
acid; PBS, phosphate-buffered saline; HPLC, high performance liquid chroma-
tography; EDÂ»,dose required for half-maximal effect; ID, injected dose; caDTPA,
cyclic dianhydride of DTPA; Ab, antibody.

*W. Anderson-Berg and M. Strand, unpublished observations.
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SPECIFIC RADIOIMMUNOTHERAPY WITH *Y

6 weeks old (HarÃanSprague Dawley, Indianapolis, IN), were inocu
lated i.v. with RVB3 virus (19). This infection results in primary splenic
disease which, when untreated, leads to systemic viremia and erythro-
leukemia, with mÃ©tastasesto liver and bone marrow (18). Within a few
days of infection, microscopic tumor foci are evident in the spleen.
Gross splenomegaly with a doubling of spleen size occurs by day 13;
mÃ©tastases,viremia, and a 10- to 20-fold increase in spleen weight are

evident by day 20.
Immunoglobulins. The production, purification, and characterization

of MAb 103A, an IgGl specific for the Rauscher virus envelope
glycoprotein with molecular weight of 70,000, and of nonrelevant MAb
P3 (IgGl), produced by the myeloma P3-X63Ag8 (25), have been
previously described (20). Bovine IgG (Pentex bovine 7-globulin; Miles

Laboratories, Elkhart, IN) was used as the nonspecific control in
radioimmunotherapy experiments.

DTPA Conjugation. Antibodies (5-10 mg/ml in 0.4 M phosphate
buffer, pH 7.5) were coupled to the cyclic dianhydride of DTPA
(caDTPA; Pierce Chemical Co., Rockford, IL) as previously described
(26), using a caDTPA:Ab molar ratio of 50:1. Separation of free DTPA
was performed by extensive dialysis at 4"C against 10 mM 2-(n-mor-

pholino)ethanesulfonic acid containing 90 mM NaCl, pH 6.O. Conju
gates prepared in this manner were shown to have 5 to 8 DTPA groups
per antibody (26). As determined by solid-phase radioimmunoassay
(20) and tumor targeting, antibody specificity and activity were retained
compared to unconjugated antibody (26). Approximately 5% of the
protein was recovered on HPLC as a distinct peak representing high
molecular weight aggregates.

m\ Labeling. Carrier-free "Y in 1.0 M HC1 (Oak Ridge National

Laboratories, Oak Ridge, TN) was buffered to pH 5 by addition of 2 M
sodium acetate to a final acetate concentration of 1.0 to 1.2 M [90Y]
yttrium-acetate (usually 5 mCi) was added to DTPA-conjugated IgG
(usually 1 mg at 7 to 10 mg/ml) and the reaction was allowed to proceed
for 15 min at room temperature. Separation of unchelated yttrium was
performed by passage over an 8-cm x 5-mm Chelex 100 column (minus
400 mesh, Bio-Rad Laboratories, Rockville Centre, NY) and elution
with 75 mM sodium acetate, pH 5. When 100 Mgor less of antibody
were applied to the column, a protein recovery of 60% was typical;
when 1 mg or more of protein was applied, greater than 80% recovery
was achieved. Yttrium incorporation ranged from 90 to 95%, and final
specific activities were 4 to 5 Â¿jCi/Vg.Material eluted from the column
was dialyzed for 2 h against PBS, pH 7.4, in order to adjust the pH
before injection and to remove an additional 2 to 5% of the yttrium
which was adventitiously bound to protein. Alternatively, separation of
free yttrium was performed with comparable efficiency using a HPLC
with a TSK-3000 SW column equilibrated in 0.1 M sodium phosphate
buffer, pH 7.4; this allowed simultaneous pH adjustment and separa
tion. Importantly, even HPLC did not result in complete removal of
unchelated yttrium, since dialysis removed another 2 to 5% of the
radioactivity. Radioimmunotherapy experiments necessitated the use
of large volumes of reagents for labeling and Chelex chromatography
was therefore used for separation of free ""Y. Subsequent dialysis was

routinely carried out on all preparations.
Stability of ""Y Incorporation. To determine the in vitro stability of

incorporated isotope, labeled antibody preparations were dialyzed
against fetal calf serum at 4Â°C,and the radioactivity remaining in the

dialysis bag was measured over the course of 11 days. Use of an LKB
80000 gamma counter equipped with a beryllium probe permitted
detection of the ÃŸemission with 20% efficiency compared to a known
standard amount of "Y. In vivo stability was assessed by affinity
chromatography of 50- to 100-^1 serum samples from normal mice
given injections 1 or 24 h earlier of radiolabeled antibody, using anti-
mouse IgG-Sepharose or anti-mouse transferrin columns, as previously

described (26).
Biodistribution of Free Isotope. In order to identify the organs cata-

bolizing free yttrium, groups of nine normal and nine 13-day leukemic
animals were given injections i.v. of 2.5 j/Ci ""Y initially prepared in 1

M sodium acetate, pH 5.0, then diluted for injection in PBS to a final
acetate concentration of 0.01 M. After 1, 24, or 50 h, organs were
dissected, weighed, and a minimum of 90 mg of tissue were counted in

the gamma counter. With tissue in the weight range of 90 mg to 1.2 g
the counting rates were linear.5

Targeting and Biodistribution of Radiolabeled Antibody. Biodistribu-
tion and targeting to leukemic spleens were quantitated at various times
following i.v. injection of 30 Mg90Y-labeled antibody into normal or
13-day leukemic mice. Organs were dissected and weighed, and a
minimum of 90 mg of tissue were counted in the gamma counter.

Radioimmunotherapy. Groups of five 8-day or 13-day leukemic mice
were given injections i.v. of varying doses of ""Y-labeled IgG diluted

with unlabeled IgG to yield a final dose of 30 Mgper mouse. Therapeutic
efficacy was assessed on day 20 of infection by determining the reduc
tion of splenomegaly in treated compared to untreated leukemic and
normal mice. Spleen, liver, and bone marrow sections from treated and
untreated leukemic mice were also evaluated for microscopic tumor
foci, as described below.

Dosimetry. In order to determine the relative radiation dose delivered
to each of the major organs, biodistribution profiles were obtained over
the course of 9 days. Thirteen-day leukemic mice were given injections
i.v. of 45 MCi/30 Mg"Y-IOSA and every 1 to 2 days mice were dissected

and counts per g of tissue were determined. Spleens from leukemic
mice given injections of the same dose of ""Y-BIgG were similarily

evaluated. As an index of the radiation dose delivered to the tumor in
animals treated with 2 to 40 MCi/30 Mg""Y-IgG, the radioactivity in

spleens was measured at the time of sacrifice.
Marrow Toxicity. Groups of six normal and six 13-day leukemic

mice were given injections i.v. of varying doses of "Y-IOSA or 60 ^Ci
""Y-BIgG, tail bled every 3 to 4 days, and the WBC were counted by

using a Coulter Counter (Coulter Electronics, Hialeah, FL). WBC
counts of mice in the treatment groups were obtained prior to sacrifice.

Histopathology. Organs were fixed in 10% buffered formalin, em
bedded in TissuePrep 2 (Fisher Scientific Co., Silver Spring, MD), and
6-Mtn sections were prepared. Liver, spleen, and femoral and sternal
marrow sections were stained with hematoxylin-eosin and evaluated
without knowledge of treatment status. Particular attention was given
to the presence of microscopic areas of hematopoiesis suggestive of
tumor foci. Toxicity to normal blood-forming elements of marrow and
spleen was also assessed.

RESULTS

Retention of Ab Activity and Specificity following Conjugation
with caDTPA. caDTPA-antibody conjugates of 103A were
shown to retain their activity and specificity in vitro (Fig. 1).
caDTPA:Ab molar ratios of 333:1 during conjugation (yielding
20 DTPA groups per Ab; Ref. 26) resulted in 50% loss of
activity, as assessed by comparing the amount required for half-

0.15 0.46 1.4 4.1 12 37 III

MONOCLONAL AB (ng)

333 1000 3000

Fig. 1. Results of solid-phase radioimmunoassay of caDTPA-103A conjugates
prepared at Ab:DTPA molar ratios of 1:333, 1:100, and 1:33, compared to
unconjugated antibody. Antigen. 5 UKsolubilized Rauscher virus proteins (lop
curves) or 500 ng ferritin (bottom curves), was coated to each well of a microtiter
plate. Fifty //I of each antibody dilution were added per well and incubated l h at
37'C. The plates were washed and 50 //I '"I-goat IgG anti-mouse IgG (1 Mg/ml,
2 MCi/Mg)were added to each well, followed by incubation for l h at 37'C. The

plates were washed and the bound radioactivity was eluted in 100 u\ 2 M NaOH
and counted in a gamma counter.
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maximal binding compared to unconjugated antibody. These
conjugates showed 20% nonspecific binding to nonrelevant
protein (Fig. l, ferritin, bottom curves). Antibody coupled at
100:1 or 33:1 ratios (yielding 8 and 5 DTPA groups per Ab,
respectively) showed less than 5% loss of activity or specificity
in vitro when compared to unconjugated antibody (Fig. 1). More
importantly, 100:1 or 33:1 preparations of caDTPA-Ab, when
iodinated and injected into leukemic mice, targeted as efficiently
as unconjugated antibody (26). Conjugates prepared at ca-
DTPA:Ab ratios of 50:1 showed behavior indistinguishable
from those prepared at 33:1 ratios.5

Incorporation of *Â°YLabel. Incorporation of 90Ywas shown

to be highly dependent on antibody concentration; 90 to 95%
of the isotope present was incorporated, resulting in specific
activities of 4 to 5 nCi/ng, when the antibody concentration in
the reaction mixture exceeded 0.5 mg/ml. At 0.2 mg/ml, incor
poration decreased to 30 to 40%, and at 0.1 mg/ml it was less
than 10%.

Stability of "Y-labeled IgG. "Â°Y-labeledDTPA-conjugated

antibody was shown to retain the radioyttrium both in vitro and
in vivo. Following removal of unchelated WY by Chelex chro-
matography and dialysis against PBS, no additional '"'\ was

lost during 11 days of dialysis of either labeled BIgG, P3, or
103A preparations against fetal calf serum at 4"C.

Normal animals given injections of radiolabeled immuno-
globulin showed blood levels of 29 Â±4% of the injected dose
per g and 28 Â±5% ID/g at 1 h after injection of BIgG or 103A,
respectively. Levels at 24 h were 10 + 2 and 11 Â±2% ID/g,
respectively. Essentially all the radioactivity in serum was
shown by affinity chromatography to remain bound to the
immunoglobulins. Analysis of serum samples obtained 1 or 24
h after injection of radiolabeled 103A into normal mice showed
that 97 to 98 and 95 to 98% of the radioactivity bound to the
anti-mouse immunoglobulin column, respectively. In parallel
experiments using the same serum samples, no transfer of
isotope to transferrin was observed in vivo (less than 1% of
applied radioactivity was bound by antitransferrin columns)
and yttrium acetate incubated in vitro for l h at 37Â°Cwith

normal mouse serum was not bound by transferrin. These
results are in contrast to those obtained with free ['"In]indium
acetate, where 65 to 84% was bound (9), and [46Sc]scandium

citrate, where 97 to 99% was transcomplexed by transferrin
within l h at 37Â°C(26).

Biodistribution of Free "Y. The principal organs catabolizing

free yttrium were determined to be bone, skin, and to a lesser
extent, liver and kidney (Table 1). No significant differences
were seen between organ profiles of normal and leukemic

animals. The biodistribution 50 h after i.v. injection was un
changed from that at 24 h in both groups.

Biodistribution of ""Y-labeled Antibody. Prior to radioimmu-

notherapy trials, experiments were carried out to compare the
pharmacokinetics of specific and nonrelevant MAb to those of
nonrelevant polyclonal immunoglobulin in both normal and
leukemic mice. Levels of radioactivity in organs 24 h after i.v.
injection of 90Y-labeled immunoglobulins are summarized in

Table 2. Injection of nonrelevant MAb P3 and bovine IgG
resulted in comparable ""Y levels in both normal and leukemic

mice in all organs examined (including lung, heart, brain,
stomach, and intestine; data not shown), with the exception
that bone levels were slightly higher with MAb P3. The distri
bution profile of specific MAb 103A in normal animals was
analogous to that of the other immunoglobulins, with bone
levels similar to those of MAb P3. In leukemic animals, specific
MAb showed very high targeting to the spleen (up to 15% of
the injected dose). Furthermore, as levels of circulating antigen
increased from day 9 to day 13 of the disease (21), blood levels
of radiolabeled antibody decreased and liver levels increased
due to clearance of immune complexes. Liver accumulation was
not attributable to "targeting," as metastastic foci are not

evident until day 18 of the disease.
Kinetics of Tumor Targeting. In order to determine the deliv

ered dose and the kinetics of yttrium at the tumor target,
leukemic mice were given injections of either 5 or 45 pCi of
90Y-labeled caDTPA-antibody, and the levels at the tumor were

measured over time. These results are presented in Table 3.
Nine-day leukemic animals given injections of 5 //Ci/3 ÃŸg'"Y-

103A showed rapid targeting, with 9 to 15% of the injected
dose present in the tumor (corresponding to greater than 70%
ID/g leukemic spleen) within l h after i.v. injection. When this
nontherapeutic dose was administered early in the disease, no
reduction in spleen weights was observed, and yttrium levels
stabilized at 15 to 20% of the injected dose in the tumor by 24
h after injection. When 13-day leukemic animals were given
injections of a therapeutic dose of 45 /zCi/30 ng MAb 103A,
yttrium levels in the tumor 24 h after injection were slightly
lower than those in experiments conducted earlier in the dis
ease, due to increased circulating antigen (21). Spleen weights
decreased considerably and, since yttrium continued to accu
mulate in the spleens, the levels of yttrium expressed as per
centage of ID/g tumor inceased more than 10-fold over 9 days.

When 13-day leukemic animals were given injections of 45
AtCi/30 Â¿Â¿g90Y-bovine IgG, approximately 1 to 2% of the

injected dose reached the tumor during the first 24 h (corre
sponding to 4 to 7% ID/g). Tumor levels of 90Y-BIgG, when

Table 1 Biodistribution of free n Y acetate
Results are expressed as the mean (S.D.) of the percentage of injected dose per g of tissue 1, 24, or SOh following i.v. injection of 2.5 //<Ã|̄'"'Y|>11riunÃ¬acetate in

250 Â¿ilPBS into groups of 3 normal or 13-day leukemic animals, as described in "Materials and Methods."

LiverSpleenKidneyLungHeartBloodSkinBoneBrainStomachIntestineMuscle1

h4.2(0.3)1.5(0.2)7.4(2.4)2.8(0.4)1.5(0.7)2.0(0.1)3.2(1.3)5.9(1.0)0.09(0.03)2.3(0.4)1.0(0.1)0.5(0.2)Normal

animals24

h2.7(0.3)1.2(0.4)2.5(0.3)0.9(0.1)0.5(0.1)0.08(0.04)6.3(0.6)8.0(0.6)0.09(0.01)0.5(0.1)0.3(0.1)0.2(0.1)50h2.6(0.6)1.3(0.4)2.7(1.0)1.0(0.3)NS"NS3.8(2.7)8.5(0.3)NS0.7(0.2)0.2(0.1)NS1h4.7(0.4)1.4(0.3)8.8(0.1)3.3(0.1)2.3(0.5)2.6(0.5)6.6(1.8)7.8(1.9)0.15(0.02)3.5(0.4)1.4(0.1)0.8(0.1)Leukemic

animals24

h2.9(0.8)0.9(0.4)3.2(1.0)1.4(0.2)0.5(0.1)0.19(0.03)10.1(2.7)10.8(1.5)0.19(0.06)0.9(0.6)0.5(0.1)0.5(0.3)50h2.5(0.7)0.7(0.3)3.4(0.9)1.3(0.1)NSNS8.0(3.9)10.9(0.9)NS0.6(0.1)0.2(0.1)NS

' NS, counts not significantly greater than background radioactivity.
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Table 2 Organ Levels ofÂ°Y in normal and leukemic mice

Levels of radioactivity are expressed as percentage of the injected dose/g 24hMAbP313-day

NormalleukemicBlood

9.6 + 1.8 9.4 Â±2.0
Liver 4.9 + 1.0 4.2 Â±0.4
Spleen 3.9 Â±0.5 4.0 Â±0.2
Kidney 7.8 Â±0.6 8.4 Â±0.5
Skin 20.2 + 3.5 18.8 Â±4.6
Bone 8.0 + 1.2 7.4 Â±0.4
Muscle 0.5 Â±0.2 0.8 Â±0.1"

NS, counts not significantly different from background.

Table 3 Time course of*Â°Ylevels intumorTime

Spleen % of ID/
(h) wt (mg)spleen""Â°Y-

103A* (5 â€žCi) 1 145Â±15 I0.9Â±1.9

6 169 Â±51 12.0 Â±3.6
24 192 Â±15 18.7 Â±5.0
48 174 + 36 19.4 Â±3.1
96 168 + 24 14.8+1.1

120 172 Â±41 16.0Â±4.290Y-103Ac(45MCi)

24 175 + 35 9.0 Â±2.248
80+12 9.0 + 0.3

72 74 Â±5 14.4 Â±0.4
120 46 Â±11 13.7 Â±0.2
168 37 Â±4 18.1 Â±6.0
216 33 Â±15 18.7 +3.448

208 Â±12 0.77 Â±0.09
120 196 Â±24 1.2 Â±0.03
168 208 Â±38 1.9 Â±0.02following

i.v. injection into normal or leukemic mice; mean of 4 animals Â±SD.Bovine

IgGNormal10.2

Â±1.8
4.8 Â±1.2
4.5 Â±0.4
6.8 Â±1.1

15.1 Â±1.7
3.3 Â±0.2
0.7Â±0.1%ofID/g73

Â±4
71 Â±8
97+ 10

111 Â±22
89 Â±7
93Â±451

Â±22
113Â±21
195 Â±15
297 Â±71
489 Â±165
566 Â±824.5

Â±0.5
3.9 Â±0.8
6.0 Â±1.0
8.9 Â±0.4%

InjectedDose/Grom"

Levels are expressed as percentage of injected dose/spleen, corrected for
decay; mean of 4-6 animals + SD.

b Injected into 9-day leukemic mice.
' Injected into 13-day leukemicmice.corrected

for decay, were seen to more than double over the
course of 7 days; however, absolute levels were less than 3% of
those observed with specific antibody. It is of interest that
spleen weights neither decreased, as seen with specific antibody,13-day

leukemic8.3

Â±2.2
5.8 + 0.7
4.5 Â±0.5
7.3 Â±0.3

14.3 Â±0.5
3.8 Â±0.3
0.9 +0.110

510

51.5

1.0

0.5MAb

103A9-day

13-day
Normal leukemicleukemic11.4+1.6

3.4 Â±1.4 1.5 Â±0.2
6.1 Â±1.8 6.3 Â±0.8 14.0 Â±2.6
6.6 + 0.3 97 Â±10 51 Â±22
6.2 Â±0.3 5.5 + 0.3 9.3 Â±1.2

19.2+1.1 8.7 Â±0.5 10.4 Â±0.8
6.6 Â±0.3 8.1 + 1.1 4.9 Â±0.2
0.9 Â±0.2 NS" 0.3 Â±0.1Liver
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nor increased, as seen when animals were given injections of
lower doses of radioactivity (see below), indicating that the
disease did not progress following this treatment. At lower
injected doses of '"Y-BIgG, similar levels of 1 to 2% of the

injected dose were present in leukemic spleens. Again, spleens
from normal mice given injections of 5 or 45 /iCi doses of either
immunoglobulin contained similar levels of 1% of the injected
dose, or 4 to 7% ID/g, 24 h after injection (Table 2).

Radiation Delivery to Tumor and Major Organs during Ther
apy. In order to determine the tissue toxicity in 13-day leukemic
animals given injections of 45 AtCi/30 jtg *Â°Y-103A,the radio

activity remaining in liver, kidney, tumor, skin, bone, blood,
lung, stomach, muscle, brain, heart, and intestine was deter
mined over the course of 9 days (Fig. 2). The absolute levels of
radioactivity remaining are shown by the solid curves, from
which actual radiation doses delivered can be calculated. When
data were corrected for the physical half-life of the isotope
(dotted curves), several interesting trends became apparent.
Radiolabel continued to accumulate in the tumor, and to a
much lesser extent in bone, over the course of the 9 days.
Clearance from blood was more rapid and liver levels were
higher than those seen in experiments in which radiolabeled
antibody was administered earlier in the disease (Table 2), again
due to formation of immune complexes with circulating antigen
(21). Stomach and skin showed transitory increases in radio
activity during the first 4 days after injection of radiolabeled
antibodies, suggesting catabolism through these organs. Kid-

Fig. 2. Biodistribution over 9 days following i.v. injection of 45 ^Ci/30
'Â°Y-caDTPA-103A into 13-day leukemic mice. The absolute activity (O), not

corrected for decay, is expressed as the radioactivity in tissue divided by the
injected dose (45 *iCi) and normalized per g tissue weight. The relative level of
radioactivity (â€¢)present at each time point has been corrected for the physical
decay of the isotope by recounting the injected dose concurrently with each set of
tissue samples. Note the different scales used for the two curves in plotting tumor
(spleen) data. Points, mean of values from two animals: differences between the
two samples were less than 12% for all organs at all times except in the case of
tumor, where differences of up to 25% were seen.

ney, lung, muscle, brain, heart, and intestine all showed an
exponential decline in their levels of radioactivity.

Radioimmunotherapy. Based on the results of targeting ex
periments, appropriate doses of 90Y-labeled antibodies were

selected for therapy. Since the biodistribution profiles of bovine
IgG and MAb P3 were similar, we chose bovine IgG as the
control in order to compare our results to those of other studies
in which polyclonal sera were used in radioimmunotherapy.
When mice were treated at day 8 of the disease (Fig. 3a), no
significant difference was seen in therapeutic efficacy between
specific and control immunoglobulin, as assessed by reduction
of tumor mass, with a ED5o of 9 to 10 fid for each of the 90Y-
labeled immunoglobulins. Since 2-fold greater doses of nonre-
levant bovine IgG were required to achieve 100% reduction in
spleen weight (32 MCi"Â»Y-IOSAcompared to 80 /Â¿CiÂ»Â°Y-BIgG),

it appeared that specific antibody might be more effective. As
discussed below, leukemic mice given injections of 100 Â¿tCiof
""Y-IgG all succumbed to marrow toxicity and sepsis, so that
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Fig. 3. Results of radioimmunotherapy with ""Y-IOSA (A) or "Y-bovine IgG

(â€¢)expressed as % of reduction in spleen weight

- [l - Trea'ed - "Ormi" I x 100

L Untreated â€”normal]

Points shown represent the mean of values from S mice Â±SD. Sacrifice was
performed on day 20 of disease, a, 8-day leukemic animals given injections i.v. of
2 to 80 fiCi/30 un, as described in "Materials and Methods;" b, 13-day leukemic

animals given injections i.v. of 2.7 to 50 /iCi/30 fig.

Table 4 Results of radioimmunotherapyP and radiation dose present in spleens at
sacrifice

"OY-103A"â€¢Y-BIgGDose(MCi)49.640.926.016.712.16.92,749.739.824.615.711.75.72.8Spleen

wt
(mg)Â»17Â±334

Â±1635
Â±5101
Â±57235

Â±165871
Â±2861264

Â±404208

Â±91332
Â±98804
Â±178761

Â±211948
Â±1081439
Â±4281513
Â±245iiCi/spleen'1.9

Â±0.31.5
Â±0.10.65

Â±0.010.29
Â±0.130.29
Â±0.120.10

Â±0.030.07
Â±0.040.15

Â±0.020.1
2Â±0.020.072

Â±0.0040.047
Â±0.0120.031

Â±0.0060.016
Â±0.008ND*//Ci/g115

Â±3843
Â±2319

Â±32.9
Â±2.81.2
Â±1.30.11

Â±0.070.05
Â±0.040.71

Â±0.410.36
Â±0.170.089
Â±0.0200.061
Â±0.0330.033
Â±0.0100.01

1 Â±0.007ND

Untreated
leukemic
mice

Untreated
normal
mice

1364 Â±248

131 Â±24

"Therapy given on day 13 of disease, sacrifice on day 20 as described in
"Materials and Methods."

* Mean Â±SD (n = 5 to 6).
' jiCi of T present Â¡nthe spleen at the time of sacrifice.
d ND, not determined.

the highest dose used in further therapy experiments was 60

Specific antibody was clearly shown to be more potent than
nonrelevant IgG when mice were treated at day 13, with a ED50
of 9 /iCi for "OY-IOSA as compared to 16 to 27 MCi for 90Y-
bovine IgG (Table 4; Fig. 36). Doses of 17 to 50 Â»Ci'"Y-IOSA

all resulted in a complete reduction in splenomegaly. In con
trast, animals treated with even the highest dose of '"Y-BIgG

(SO /Â¿Ci)still had spleens twice the normal size. In subsequent
experiments (see below), treatment with 60 fid ""Y-BIgG pro
duced a 100% reduction in spleen weight, suggesting a 3-fold
higher potency for specific immunoglobulin.

In confirmation of the results seen with spleen weights,
microscopic study of spleens from mice treated with 27 to 50
ÃŸd 90Y-103A showed marked atrophy of lymphoid nodules

and complete absence of extramedullary hematopoiesis (Fig.
4fl), whereas mice treated with either 17 fid of specific antibody
or 50 fid of control IgG had less severe atrophy of lymphoid
tissue and showed areas of abnormal erythropoiesis suggestive

of tumor foci (Fig. 4, b and c). Livers from all of these groups
showed no evidence or tumor foci and retained their normal
architecture. Spleen and liver from an untreated leukemic
mouse are shown for comparison (Fig. 4, d-f).

Toxicity. Severe leukopenia (WBC less than 1000/mm3) was

observed in both normal and leukemic mice given injections of
100 /Â¿Ci'"Y-IOSA, with the nadir occurring 8 to 13 days

following treatment. While 5 of 6 of the normal mice recovered,
all 6 of the leukemic mice died by day 12 following treatment.
One of the leukemic mice also showed marked wasting and
diarrhea, indicative of gastrointestinal toxicity.

Terminal WBC counts obtained from mice from the treat
ment groups in Fig. 3Â¿>are given in Table 5. Mice receiving
from 12 to 50 //Ci all exhibited significant leukopenia which,
in subsequent studies, was shown to be reversible (see below).
Although mice treated with differing doses of radioactivity had
the same degree of leukopenia, a dose-response relationship
was noted microscopically; animals receiving a 50-/iCi dose of
90Y-103A showed marked bone marrow atrophy with 10%

normal eel lularky; animals treated with 27 /Â¿Cishowed 10 to
30% cellularity; and animals treated with 17 //Ci showed 30 to
80% cellularity. Interestingly, marrows from mice receiving 50
fid *Â°Y-BIgG were essentially unaffected, with 75 to 90%

cellularity. Untreated leukemic mice dissected concurrently
with treated mice showed extensive tumor foci in both liver and
spleen but no evidence of marrow mÃ©tastases.

Mice treated with the doses of *Â°Y-103Aused in the therapy

studies (Fig. 3) showed transient but reversible marrow sup
pression (Fig. 5). In leukemic mice treated with a dose of 60
fid '"Y BIgG, a 100% reduction in spleen weight was observed,

with spleens weighing 27 Â±5 mg (n = 4) at day 20 of disease
(day 7 after treatment). At this dose, leukopenia similar to that
seen with specific antibody was observed. On histological ex
amination, one of the four spleens from mice treated with 60
lid '"Y-BIgG showed moderate atrophy, blastic cells, and a

few areas of erythropoiesis; the other three lacked tumor foci.
Livers were normal and bone marrows showed marked atrophy
with only 10% cellularity.

DISCUSSION

Trials of radioimmunotherapy in animals and humans to
date have centered on the use of 131I-labeledantibodies. In these

studies, the administrable dose has been limited by toxicity to
blood-forming organs and, while prolongation of survival has
been seen, recurrence of disease has ultimately resulted (4-6,
21-24, 27). Furthermore, the long physical half-life of I3II

results in high radiation doses to bladder, stomach, and thyroid.
Most significantly, the long range of the radiation and the short
tumor half-life of targeted I3II have made it difficult to achieve

specific tumor killing using antibodies directed to tumor anti
gens (21). The rapid clearance of antibody specifically bound
by antigen results in less radioactivity remaining in serum of
animals given injections of radiolabeled monospecific antibody
than in those given injections of non-affinity-purified antisera,
where at most 10 to 20% of the radiolabel is on specific
antibody. Indeed, affinity-purified sera have proven less effec
tive than non-affinity-purified antisera in I3ll-radioimmuno-

therapy in humans (28). This suggests that the observed thera
peutic effect is actally due to whole body radiation.

In contrast, it may be possible to achieve specific tumor cell
killing using M Ah labeled with isotopes having very short half-
lives, as has been suggested by in vitro experiments using 2"At-
(29) and 2l2Bi-labeled antibody (30). With 212Bi-labeled MAb,

1909

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/7/1905/2430719/cr0470071905.pdf by guest on 19 M

ay 2023



SPECIFIC RADIOIMMUNOTHERAPY WITH "Y

K:#M2Ã¨Ã¯&*r̂

Fig. 4. Hislopathology at day 20 of treated and untreated leukemic animals, a, spleen from a mouse treated at day 13 with 27 /Â¿Ci"VlOSA. There is marked
atrophy of lymphoid tissue and a total absence of hematopoietic cells. H & E, x 230. b, spleen from a mouse treated with 17 pCi "Y-103A, Note increased size in
comparison to a. There is a small iymphoid nodule in the upper center of field and two small foci of hematopoietic cells beneath the capsule. H & E, x 230. <â€¢.spleen
from a mouse treated with 49 Â«<i ""Y-BIgG. An edge of a normal lymphoid nodule is present in the upper left corner. The remainder of the splenic pulp consists of
hematopoietic cells, primarily erythroid precursors. H & E, x 230. d, spleen from an untreated leukemic animal. The splenic pulp is totally replaced by hematopoietic
cells, primarily erythroid precursors. Lymphoid nodules are absent. H & E, x 230. e, same spleen as in d. Note hypercellularity and obliteration of splenic architecture.
H & E, X 140. / liver from same animal as in Â¿and e. There are intrasinusoidal infiltrates of hematopoietic cells, primarily erythroid elements. H & E, x 110.
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Table 5 Summary of WBC at sacrifice of treated leukemic animals

WBC (cells/
Dose (iiCifmm3)*49.6

40.9
26.0
16.7
12.1
6.9
2.7
01,327

Â±637
2,205 Â±783
1,738 Â±365
2,453 Â±1,061
3,021 Â±1,426
9.980 Â±5,413

24,802 Â±10,551
34,234 Â±26,463

" Dose of "Y-IOSA in /jCi. WBC of bovine IgG-treated mice were not deter

mined.
* Mean Â±SD (n = 5 to 6).

O- Normal, untreated

A- Leukemia! 17â€žÂ£lÂ»Â°Y-103A
A- Leukemic. 27t*Cl Â»Â°Y-103A
â€¢- Leukemic. 40uCl BOY-103A

â€¢- Leukemic. BOuCl Â«Y-BIgG

5 10 15 20

DAY POST TREATMENT

Fig. 5. Leukopenia observed following treatment of 13-day leukemic mice
with varying doses ""Y-IOSA or BIgG, mean of 5 animals. Values for untreated
leukemic and normal mice are shown for comparison. SD < 10%.

cell killing could be blocked by excess cold antibody, and 4- to
5-fold greater doses of nonrelevant labeled immunoglobulin
were required to produce the same cytotoxic effect (30). How
ever, both of these isotopes have very short physical half-lives
(7.2 h for 2"At and l h for 212Bi), which would limit their

effectiveness in systems where tumor targeting is slow. Such
short-lived isotopes might be most useful in treating lymphatic
mÃ©tastases,where regional delivery would allow rapid targeting
and minimal whole body exposure (31, 32).

Based on our results with 90Y-labeled antibody, we anticipate
that this isotope with its 64 h half-life will be far more useful
in tumor radioimmunotherapy. We have previously shown good
correlation of the spleen weight reduction assay with prolon
gation of survival (21 ). In the present study, no evidence of
residual disease was found in animals treated with 90Y-labeled

specific antibody at a stage in the disease where unlabeled
antibody is completely ineffective. To achieve the same reduc
tion in splenomegaly required a 3-fold greater dose of nonrele-
vant IgG than of specific MAb; even at these high doses,
residual microscopic tumor foci were found in animals receiving
control IgG.

The specificity and efficacy of this treatment modality may
be underestimated in our system. We have previously demon
strated a 70- to 100-fold enhancement of tumor targeting by
specific antibody as compared to control immunoglobulins
when assessed on a cellular level; in contrast, we found only 6-
to 10-fold differences when whole organ levels were compared

191

(8). The use of clonogenic assays of cell survival following
treatment would therefore be a more sensitive means of assess
ing therapeutic potency. Furthermore, given the centimeter
range of 90Y in tissue and the small size of the animal used in

these studies, it is likely that the efficacy of nonrelevant im
munoglobulin may in large part be attributable to radiation
present in blood, liver, and other organs. Again, results with
U1I(21, 28) have suggested that such nontargeted radiation can

have significant therapeutic effect. A greater index of specificity
might be anticipated in tumor systems where specific radiation
delivery is more feasible (31, 32). A further complication in our
system is the occurrence of viremia, which leads to infection of
healthy cells.

We have not calculated the specific radiation dose delivered
to the tumor or the whole body, due to the limitations of
dosimetry calculations with ÃŸemitters in mice.6 Analysis of the

/Â¿Ci/gpresent over the course of 9 days in our targeting and
biodistribution experiments demonstrated that, in mice treated
with specific antibody, over 20-fold greater radiation doses were
delivered to the tumor than to any other organ examined.

At therapeutic doses of either specific monoclonal antibody
or nonrelevant polyclonal immunoglobulin, reversible leuko-
penia was observed. Such marrow toxicity may result from both
radiation present in bone and radiation reaching the marrow
from nearby organs. Several results support the conclusion that
the bone accumulation of radioactivity we observed was the
result of deposition of free yttrium released from chelate-con-
jugated antibody. First, the bone levels of radioactivity seen in
animals given injections of 90Y-labeled IgG were comparable to
those observed in animals given injections of [90Y]yttrium ace

tate. Yttrium, like the chemically similar calcium and stron
tium, may be metabolized by osteoblasts in the bone. Second,
levels of bone radioactivity have been shown to decrease over
time in animals given injections of antibodies labeled with other
radiometals, including '"In and 206Bi (9). In contrast, bone
levels of 90Y increased. Importantly, such accumulation of 90Y

in bone was not caused by increased catabolism of targeted
yttrium, as normal animals showed similar levels. This result
contrasts with previous experience with radioiodinated anti
body, where higher levels of I3'I were observed in organs of

catabolism in leukemic animals (33). Although the free chelate
yttrium-DTPA has been found to be rapidly eliminated,5 there

is still a need for the development of agents which irreversibly
chelate yttrium for use in antibody-mediated therapy. Such
agents would be expected to decrease yttrium deposition in
bone.

We cannot ascribe our observed levels of 90Y in liver to the

deposition of free metal in transferrin or ferritin, as our studies
of serum samples, in contrast to those of Hnatowich et al. (15),
suggest that 90Yis not appreciably bound by transferrin. Rather,
comparison of results from 9-day and 13-day leukemic animals
suggests that significant liver accumulation can result from
clearance of immune complexes. It might therefore be possible
to reduce the radiation dose delivered to liver by pretreating
animals with unlabeled specific antibody.

We have demonstrated that it is possible to achieve complete
remission of leukemia using specific antibody labeled with ^Y

at doses not limited by marrow toxicity. Mice receiving control
immunoglobulin showed gross and microscopic evidence of
residual disease even at doses three times greater than those
which produced complete clinical and histopathological remis
sion in animals treated with 90Y-specific antibody. These results

' P. Leichner, personal communication.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/7/1905/2430719/cr0470071905.pdf by guest on 19 M

ay 2023



SPECIFIC RADIOIMMUNOTHERAPY WITH "Â°Y

suggest that '"Y-labeled antibody may prove useful for clinical

radioimmunotherapy applications.
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