
(CANCER RESEARCH 51. 1883-1890. April I. 1991]

Radiotherapy in Mice with Yttrium-90-labeled Anti-Lyl Monoclonal Antibody:
Therapy of the T Cell Lymphoma EL41

Heinz Schmidberger, Donald J. Buchsbaum, Bruce R. Blazar, Paul Everson, and Daniel A. Vallera2

Department of Therapeutic Radiolog)'. Section on Experimental Cancer Immunology [H. S., D. J. B., P. E., D. A. V.], and Department of Pediatrics, Division of Bone
Marrow Transplantation, and Institute of Human (ienetks {B. R. B.], L'niversity of Minnesota Hospital and Clinic, Minneapolis, Minnesota 55455, and Department of
Radiation Oncology, L'niversity of Michigan, Ann Arbor, Michigan 48109 [D. J. B.J

ABSTRACT

Yttrium-90 is a potent /3-emitting radionuclide with potential for
therapy of lymphoma. A monoclonal antibody against Lyl, the murine
homologue of human CDS, was labeled with '"'\ and found to selectively

bind to Lyl-positive, radiation-sensitive, 114 mouse lymphoma cells.
When tested in this aggressive model of T cell lymphoma, in vivo studies
in C57BL/6 mice showed that a single 140-jiCi i.p. dose of "Y-anti-Lyl,

given 1 day after i.v. injection of a lethal dose of 114 cells, resulted in
significant but transient improvement in survival. Protection was selec
tive, since a wY-labeled irrelevant control antibody did not prolong

survival. Biodistribution studies showed that protection was likely limited
by inadequate localization of labeled antibody to tumor. Importantly,
labeled anti-Lyl specifically localized in the immunological tissue (spleen
and thymus) and lowered the WBC count, perhaps limiting the tolerated
dose. Myelosuppression, which is considered one of the major side effects
associated with '"'V usage, was not a lethal complication, since WBC
counts recovered in mice given a 140-jiCi dose of *Â°Y-anti-Lylwithout

114 cells and 100% of these animals survived. The maximum tolerated
dose was less than 200 ÃŸCi.Despite the high localization of *Â°Y-anti-Lyl

in spleen, splenectomies of tumor-injected mice did not improve the
antitumor efficacy of radiolabeled antibody. Further evidence for inade
quate delivery of radionuclide to tumor was shown when external total-
body irradiation was given to mice given injections of a lethal dose of
114 tumor cells. Comparison of internal and external irradiation studies
indicated that the partially protective effect of 140 jiCi '"Y-anti-Lyl was
equivalent to external radiation of only 100-200 cGy. Because this model
reflects the current clinical limitations of radiolabeled antibodies for
therapy, including partial antitumor efficacy, delivery of labeled anti-T
cell antibodies to the immune system, and low maximum tolerated dose,
the model may be useful for examining strategies which could increase
the tolerated dose and therapeutic efficacy.

INTRODUCTION

T cell lymphoma and leukemia are among the neoplastia
diseases that present patients with an unfavorable prognosis
(1). Our institution has observed that, despite purging bone
marrow of residual tumor cells in vitro, relapse is common in
lymphoma/leukemia patients, and additional methods of elim
inating patients' tumor cells in vivo are necessary (2). Promising

clinical studies have suggested that radiolabeled antibodies may
be useful for therapy of T cell lymphoma (3, 4).

The choice of radionuclide for therapy is important. '"I

linked to various antibodies has been used clinically; however.
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unfavorable y emissions, an 8-day physical half-life, marrow
toxicity (5, 6), and instability of the '"I label in serum (7) and
tumor (8,9) have been observed. 90Ymay offer some advantages

(10): (a) a variety of methods for attaching metal-chelating
groups to proteins have been reported (11-15); (b) its 64.2-h
half-life is long enough for tumor localization but short enough
so that radiation damage might not be sustained; (<â€¢)it is a ÃŸ

emitter with a shorter path length than y emitters (thus decreas
ing toxicity to distant organs as well as to clinical staff); (d)
killing can occur without internalization of labeled antibody,
since intermediate-energy ÃŸemissions (2.27-MeV maximum
energy) have a range of 1 to 1000 cell diameters; (e) adjacent
tumor cells lacking tumor antigen can also be eliminated; and
(/) it decays to a stable daughter with no additional toxicities.

T cell lymphomas and leukemias express normal T cell
differentiation antigens, to which MoAb' are already available.

A MoAb against one T cell differentiation antigen, anti-CD5,
has been used clinically for MoAb therapy of leukemia (16),
and some clinical success has been reported with radiolabeled
anti-CD5 in imaging and therapy of cutaneous T cell lymphoma
(3, 4). The MoAb anti-Lyl was chosen for our mouse studies
since it recognizes the murine homologue to the human CDS
antigen (17).

This murine study was designed to evaluate the efficacy and
limitations of using 90Y-labeled anti-Lyl against a Lyl-positive

EL4 lymphoma. Administration of this radiolabeled anti-T cell
MoAb resulted in specific localization in tumor and lymphoid
tissue. Our studies showed significant but transient protection
and other problems that parallel the clinical experience. In a
second investigation (18), we extended our observation that
90Y-anti-Lyl reacts with lymphoid tissue by examining the
effect of 90Y-anti-Lyl on T cells and its potential for therapy of

graft versus host disease.

MATERIALS AND METHODS

Antibodies. Anti-Lyl (from clone 53-7.3) is an IgG2a rat anti-mouse
MoAb recognizing a M, 67,000 glycoprotein on mouse T cells (19).
H65 and T101 are IgG2a mouse MoAb that recognize CDS, a M,
67,000 glycoprotein on human T lymphocytes. H65 was provided by
Xoma (Berkeley, CA) and T10I was provided by Hybritech (La Jolla,
CA). RIgG was obtained from Sigma Chemical Co. (St. Louis, MO).

Mice and Tumors. Female C57BL/6 mice, 5-8 weeks old, were
obtained from The Jackson Laboratory (Bar Harbor, ME) and used for
all experiments. The chemically induced EL4 lymphoma was of
C57BL/6 origin (20). The cells were obtained from American Type
Culture Collection (Rockville, MD) and propagated as suspension
cultures, in RPMI 1640 medium supplemented with 10% heat-inacti
vated fetal calf serum. 2 rriM glutamine. and 100 units/ml penicillin/
streptomycin, at 37Â°Cin a 5% CO2/95% air atmosphere. EL4 cells
(IO5) given i.v. killed 100% of inoculated mice within 60 days.

' The abbreviations used are: MoAb, monoclonal antibody (-ies): DTPA.

diethylenetriamincpentaacetic acid: HSA. human serum albumin: PBS. phos
phate-buffered saline: TBI. total-body irradiation: RIgG, rat immunoglobulin:
IRF. immunoreactive fraction.
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RADIOLABELED ANTIBODY THERAPY FOR LYMPHOMA

Radiolabeling of Antibodies with '"'\ or '"In. PurifÃedantibodies were
labeled with '"Y or "'In by using the bicyclic anhydride of DTPA as
the chelating agent (21-23). The bicyclic anhydride of DTPA (Pierce
Chemical, Rockford, IL) was suspended in chloroform at a concentra
tion of 0.01 mg/ml. An aliquot of the suspension containing the desired
weight of DTPA was removed after sonication and added to a dry, acid-
washed reaction vial (Pierce). The chloroform was evaporated with a
gentle stream of dry nitrogen. Six to 10 mg of dialyzed antibody in
0.05 M sodium bicarbonate buffer, pH 7.5, were added to the vial and
mixed for 15 min at room temperature. The antibody concentration at
chelation varied between 8 and 12 mg/ml, and the molar ratio of DTPA
to antibody was 2:1. The chelated antibodies were stored at 4Â°Cover

night. Yttrium-90 was obtained in 1.0 N HC1 from Oak Ridge National
Laboratory (Oak Ridge, TN). Fifty mCi in 0.05 ml of the 'Â°Ysolution

were diluted with 0.5 ml of l M sodium acetate, pH 6.0, increasing the
pH of the solution to 5.8-6.0. Equal aliquots of this 90Ystock solution
were added to chelated anti-Lyl antibody or to control antibody and
mixed for 2 h at room temperature. The separation of antibody-bound
radioactivity from free MYor ""Y-DTPA chetate was performed by size
exclusion chromatography over a 15-ml (bed volume) Sephadex G-75
column (Sigma), using PBS, pH 7.2. A radioisotope flow detector
(Beckman Scientific Instruments, Fullerton, CA), set on open window,
and a UV absorbance spectrophotometer (Isco, Lincoln, NE), reading
at 280 nm, were connected on-line with the column, to distinguish the
peak of radiolabeled protein from the peak of unbound radioactivity in
the eluant. The radiolabeled protein was collected in fractions. Five-
tenths ml of 5% HSA was added to the labeled antibody as a protective
agent, resulting in a concentration of 1% HSA in the final antibody
solution. The labeling efficiency was determined by comparing the total
amount of radioactivity in the eluted protein fraction with the total
amount of radioactivity added to the chelated antibody. The activity of
the radiolabeled protein was determined by comparing aliquots of the
eluted protein solution with serial dilutions of the calibrated ""\ stock

solution. Triplicate measurements were counted on a liquid scintillation
counter (Beckman LS 3801) set on open window. The quotient of
incorporated radioactivity divided by the protein yielded the specific
activity of the radiolabeled protein.

The labeling of chelated antibodies with "'In for biodistribution
studies was performed in an identical fashion to the WYlabeling. '"In

was obtained from Amersham (Arlington Heights, IL). About 2.5 mCi
of " ' In were diluted with l N sodium acetate, pH 6.0, and equal aliquots

of this solution were added to 2.5 mg of chelated protein.
Radioiodination. The labeling of anti-Lyl MoAb and RIgG with '"I

was performed using the iodine monochloride micromethod, as previ
ously described (24, 25). Briefly, 200-Mg aliquots of MoAb or RIgG
were labeled with 3 mCi of radionuclide and 12 equivalents of ICI. Free
iodide ions were removed by passage over a Dowex (Bio-Rad, Rich
mond, CA) aniÃ³nexchange column. The eluant was collected into vials
containing 5% HSA. A 20% loss of protein content during the labeling
procedure was assumed, based on previous studies, and all concentra
tions were adjusted using this value. Eighty percent of the counts of
labeled antibody were precipitable with trichloroacetic acid.

IRF. The IRF of the labeled antibody was determined as described
by Lindmo (26). Briefly, 80-130 ng of labeled anti-Lyl were incubated
with increasing EL4 cell concentrations. Nonspecific binding was de
termined by incubation with the Lyl-negative cell line CEM (as shown
in Table 2) or by measurement of the activity that could not be blocked
by the addition of unlabeled antibody at saturating concentrations, and
these counts were subtracted out. The fraction of immunoreactive
antibody was determined by linear extrapolation to conditions repre
senting infinite antigen excess. This was based on a modified Line-
weaver-Burk analysis. A plot of [total amount of radioactivity added to
a cell suspension]/[radioactivity bound to cell pellet] versus l/[cell
concentration] will yield a straight line. The inverse of the extrapolated
^-intercept equals the IRF of the radiolabeled antibody preparation.

Scatchard Analysis. Binding of radioiodinated MoAb was assayed
using a modification (27, 28) of the method described by Titus et al.
(29).

Modulation Assay. Modulation was assessed as previously described
(30).

Clonogenic Assay. A highly sensitive limiting dilution assay (31) was
used to determine the radiosensitivity of EL4 tumor cells. Cells were
adjusted to 106/rnl and irradiated with 220-KeV X-rays. The cells were

washed and serially diluted in replicate wells. The plates were then
incubated for 6 days at 37Â°C.The number of wells showing clonogenic

growth was counted. The frequency of wells with growth was used to
estimate the most probable number of remaining clonogenic cells in
the original suspension by a modification of the Spearman Karber
method (31, 32). The extent of leukemia cell elimination was expressed
as log kill. Calculations were performed from a computer program
generously provided by Drs. Anne I. Goldman and Fatih M. Uckun of
the University of Minnesota.

Biodistribution Studies. C57BL/6 mice were inoculated s.c. with 5 x
IO5 EL4 cells. Nine to 14 days after tumor inoculation, the animals
received i.p. injections of 5 Â¿<Ciof '"I-labeled antibody or 20 nCi of
' ' ' In-labeled antibody. The animals were sacrificed 5 days after injection

of radiolabeled antibodies. Specimens from various tissues were
weighed, and the radioactivity was counted along with triplicate stand
ards of the original injection solutions. The activity of the injected dose,
in cpm, was calculated from the standards, and the radioactivity/g
tissue for each tissue sample was expressed as a percentage of the
injected dose/g tissue. Tissue samples containing I25I or '"In were
counted on a Beckman 5500 gamma counter with an I25Iwindow or an

open window, respectively.
Therapeutic Studies with "Y-labeled MoAb. C57BL/6 mice received

IO5or IO6 EL4 cells i.v. in 0.5 ml RPMI 1640 medium, 24 h prior to

treatment with radiolabeled antibody. Different groups of mice received
90Y-labeled anti-Lyl antibody, control 90Y-labeled irrelevant antibody,
unlabeled anti-Lyl antibody, or PBS. Injections were given i.p. in a
shielded syringe in 200-300-^1 volume. Survival of the animals were
monitored for 100 days after treatment. In Fig. 4, mice were splenec-
tomized and then 1 month later given EL4, followed the next day by
labeled antibody.

Blood Clearance of ""Y-laholed Antibodies. Between 16 and 200 h

after injection of radiolabeled antibodies, five animals in each group
were anesthetized and bled by retro-orbital venipuncture, at four differ
ent time points. Twenty-five n\ of whole blood were aliquoted from
each animal and counted in a liquid scintillation counter. Triplicate
samples of the original injection standard were counted at the same
time as tissues, allowing the determination of the activity in tissue as a
percentage of the injected dose, corrected for the physical decay of the
radionuclide. The individual values for the animals in each group were
averaged for each time point. The logarithms of the averages of the
percentage of injected dose/ml were plotted over the time after treat
ment. Linear regression by a least squares method yielded a straight
line, allowing an estimation of the biological half-life of the radiolabeled
antibodies.

Leukocyte Counts. To monitor the leukocyte counts in peripheral
blood at various time points after treatment, five animals from each
treatment group were anesthetized, and blood was withdrawn by retro-
orbital venipuncture. Leukocyte number and morphology were deter
mined by examining Wright-Giemsa-stained blood smears. For long
term monitoring of peripheral blood cell counts after treatment, non-
tumor-bearing animals that received the same radioactivity as tumor-
bearing animals were studied.

Total-Body Irradiation. For external radiation experiments, recipi
ents were irradiated to a total dose of 1.0-6.0 Gy, using a 220-KeV GE
Maximar 20 X-ray source filtered through 1 mm Al and 0.25 mm Cu,
at a final absorbed dose rate of 0.45 Gy/min.

Statistical Analysis. The computer program for compilation of the
life table and statistical analysis by log-rank test was generously supplied
by Dr. Bruce Bostrom, Department of Pediatrics, University of Min
nesota. For comparison of biodistribution data and leukocyte counts, a
Student t test was used.

RESULTS

Labeling Efficiency, Specific Activity, and Immunoreactive
Fraction of Anti-Lyl MoAb Labeled with ""Y. Anti-Lyl was
labeled with 90Yby the cyclic anhydride labeling procedure. In
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RADIOLABELED ANTIBODY THERAPY FOR l.YMPHOMA

Table 1 Labeling efficiency, specific activity, and immunoreactive fraction of
anti-Lyl MoAb labeled with WX

Anti-Lyl MoAb was labeled with "Y in three separate experiments. Percentage

of labeling efficiency and specific activity were determined on the day of labeling.
The IRF was determined on the day after labeling.

Expt.1:3Labeling
effi

ciency(%)13.7

30.1
17.5Specific

activity
(mCi/mg)0.73

0.74
0.49Immunoreactive

fraction(%)48

82
80

Table 2 Selective binding ofÂ°Y-anti-Lyl to the EL4 tumor cell line
In a representative experiment, ""Y-anti-Lyl (approximately 2500 cpm) was

added to increasing concentrations of either Lyl-positive EL4 cells or Lyl-
negative human leukemia CEM cells. Cells were centrifuged. and activity was
measured in the pellet and supernatant. Percentage of binding was calculated as
cpnip.iic,/cpmpÂ»iiâ€ž+ cpmlupcn,.,.m.All points were measured in duplicate.

CelllineEL4CEMCell
number

(x10')8510.58510.5epitimi,Â«5905351354138311710cpm,0_18222103277127192537222525512436Binding24.520.34.61.51.51.40.70.4

Table 3 Modulation of the Lyl antigen on EL4 tumor cells
Cells were incubated with 0.1. 1. or 10 (Jg/ml MoAb for 30 min at 4Â°Cand

then for 2 h at 37"C. Cells were washed, incubated with the same MoAb again
for 30 min at 4Â°Cto bind any re-expressed antigen, washed again, incubated with
fluorescein isothiocyanate-conjugated goat anti-mouse IgG, and analyzed by
fluorescence-activated cell sorting. Percentage of modulation was calculated as
described in "Materials and Methods." Modulation of Lyl antigen was measured

on EL4 cells and modulation of the CDS antigen was measured on human
peripheral blood mononuclear cells (PBMC).

MoAb(Â»ig/ml)Anti-LylO.I1.010.0Anti-CDS0.11.010.0Cell
lineEL4EL4EL4PBMCPBMCPBMCModulation(%)05.653.336.446.248.2

Table 4 Biological half-lives of" V-labeled antibodies

Groups of C57BL/6 mice were given i.v. injections of EL4 cells and treated
with '"Y-labeled antibodies, as described in "Materials and Methods." Animals

were bled at four time points, and the percentage of the injected dose/ml blood
was plotted in a semilogarithmic fashion. Linear regression of the data points
allowed an estimation of the biological half-life, in h, as described in "Materials
and Methods."

Half-life (h)

Expt.1

2
3
3. Splenectomyn5

4
5
5Anti-Lyl22.1

28.6
23.7
28.4RIgG27.8Anli-CD555.350.547.1

three experiments depicted in Table 1, the labeling efficiencies
were 13.7,30.1, and 17.5%, respectively. Specific activities were
0.73, 0.74, and 0.49 mCi/mg, respectively. Immunoreactive
fractions, measured the day following labeling, were 48, 82, and
80%, respectively, showing that 48 to 82% of the radioactivity
specifically bound to EL4 cells in culture. Immunoreactive
fraction values were improved by using larger separation col
umns. In experiment 1, the IRF value measured on day 1 (48%)

Table 5 Radiosensitivity of EL4 tumor cells, as measured in a limiting dilution
clonogenic assay

EL4 tumor cells were irradiated with 220-KeV X-rays. After treatment, cells
were washed, serially diluted, and incubated for 6 days. The number of wells
showing clonogenic growth was counted. Data are expressed as the most probable
number of clonogenic units (CU) and log kill. Log kill was calculated using the
formula: log kill = log[CUcoâ€ž,rol/CU,â€ž,].

cGy025050075010003000Clonogenicunits7.5
x10'3.9
x10"2.1
xIO31.6
x10'3.1
x10'6.2
x 10'Log

kill1.282.562.673.374.07

changed only slightly when measured 1 week later (46%),
indicating that the 90Y label did not adversely affect the speci
ficity of the labeled antibody over time and that 90Y-labeled
conjugates were quite stable. Table 2 shows that 90Y-anti-Lyl
selectively bound to Lyl-positive EL4 cells but not to Lyl-
negative CEM cells.

Lyl Antigen on EL4 Cells. Anti-Lyl bound to EL4 cells with
an association constant (Ka) of 4.4 x IO8M~'. Scatchard analysis

showed about 35,000 Lyl receptors/EL4 cell. The r value for
regression analysis was 0.84. As shown in Table 3, the Lyl
antigen was modulated from the surface of EL4 cells 2 h after
treatment with anti-Lyl. However, modulation was dose de
pendent, and significant modulation occurred only at the high
est concentration tested (10 pg/ml). In contrast, marked mod
ulation of human CDS from the surface of human peripheral
blood mononuclear cells occurred even at 100-fold lower anti
body concentrations. Identical results were obtained from 4-h
modulation experiments (data not shown).

Biological Half-lives of ""Y-labeled Antibodies. The 90Y-la-

beled MoAb shown in Table 1 were injected i.v. into groups of
C57BL/6 mice given IO5 to IO6 EL4 tumor cells i.v. on the

previous day. Animals were bled at four time points, ranging
from 16 to 200 h following injection of 150-200 nC\ of radio-
labeled MoAb. Biological half-lives were calculated from regres
sion lines of the log percentage of injected dose/ml versus time.
Correlation coefficients were always higher than 0.97. In all
three experiments, the half-lives for anti-Lyl ranged from 22.1
to 28.6 h, as shown in Table 4. A radiolabeled mouse anti-
human CDS MoAb (H65) was administered in an identical
manner. The half-lives of the labeled mouse anti-human CDS
MoAb ranged from 47.1 to 55.3 h, nearly twice the half-life of
labeled anti-Lyl. Since anti-Lyl is a rat antibody, labeled RIgG
was also used as a control. Labeled RIgG had a half-life of 27.8
h, similar to that of labeled anti-Lyl. Splenectomy of a group
of animals in experiment 3 had no effect on the biological half-
lives of labeled anti-Lyl or control antibodies.

Radiosensitivity of EL4 Cells Measured in Clonogenic Assays.
To determine whether EL4 cells could be killed by ionizing
irradiation, EL4 cells were exposed in vitro to increasing dos
ages of irradiation from a 220-KeV X-ray unit (Table 5). Log
kill measured 6 days after X-ray treatment showed that EL4
was inhibited by 250 cGy. Log kill was dose dependent, and 30
Gy eliminated over 4 log of EL4 cells.

Biodistribution of Labeled Antibodies in 114 Tumor-bearing
Mice. Groups of mice bearing small s.c. EL4 tumors (<0.5 g)
were given anti-Lyl MoAb that were labeled with '"In by the
same procedure used to label with 90Y. Mice were sacrificed 5

days following injection of labeled antibody, and the percentage
of injected dose/g of tissue was measured. As shown in Fig. IA,
more labeled anti-Lyl accumulated in the spleen and thymus
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RADIOLABELED ANTIBODY THERAPY FOR LYMPHOMA

A.

B.

111lnantl-Ly1

125lanti-Ly1

Tissues

Fig. l. Biodistribution of anti-Lyl antibodies in EL4-tumor-bearingC57BL/6
mice. Mice (four/group) were inoculated s.c. with IO6 EL4 cells. Nine to 14 days

after tumor inoculation, the animals received radiolabeled antibodies. I. the tissue
distribution of '"In-anti-Lyl MoAb. in comparison to nonspecific '"In-RlgG. 5

days after i.p. injection. The activity (percentage of injected dose/g tissue) is
shown for various tissues. B, the distribution of '"I-anti-Lyl, in comparison to
'"In-anti-Lyl, 5 days after injection.

2). A profound reduction of absolute WBC, lymphocyte, and
neutrophil counts occurred during the entire 21 days following
treatment. In mice given '"'Y-RIgG, there was a similar hema-

tological inhibition. In non-tumor-bearing animals, profound
myelosuppression was also observed during the first 21 days
with 90Y-anti-Lyl. The longer term studies without EL4 showed

that lymphocytes had recovered to 50% of control levels by day
28, while neutrophils had fully recovered. Treatment of mice
with similar doses of unlabeled anti-Lyl showed no effect on
WBC counts (data not shown). These results suggest a profound
effect of 90Y-labeled MoAb on hematopoiesis.

Antitumor Effect of "'Y-Anti-Lyl. Having established that

radiolabeled Lyl localized to tumor, we tested its efficacy for
in vivo therapy of EL4 tumor. Groups of 12 C57BL/6 mice
were given a lethal dose (IO5) of EL4 cells i.v. Postmortem
studies of mice dying 20-40 days after injection revealed tumor
presence in kidney, liver, spleen, lymph node, brain, perito
neum, and bone marrow. Large tumors were occasionally ob
served on the flank, shoulder, or face. Animals were treated
with 140 ÃŸC\of 90Y-anti-Ly 1 on the day following a lethal dose

of EL4 cells. Survival was plotted in an actuarial manner over
100 days. We observed transient yet significant protection (P<
0.04) from tumor-related mortality, compared to mice given
control ""Y-labeled anti-human CDS MoAb (Fig. 3A) or PBS

(Fig. 3#). Mice that were not given EL4 cells but that received

EL4 No EL4
1200C-
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8000
K
l 6000-

t
4000 â€¢

2000 â€¢

12000

10000 â€¢

8000-

6000-

4000

2000

0
10 20 30 40 SO 60

(8.9 and 4.2%, respectively), compared to labeled RIgG (4.7
and 1.6%, respectively), probably due to the presence of Lyl -
expressing T cells in these tissues. Although more labeled anti-
Lyl accumulated in tumor, the difference was small. The tu-
monblood ratios for labeled anti-Lyl and labeled RIgG were
2.17 and 1.37, respectively. Others have reported a high non
specific uptake of labeled immunoglobulin in tumors (33, 34).
Notably, more labeled RIgG (11.1%) concentrated in the liver,
compared to labeled anti-Lyl (6.4%). "'In-labeled MoAb and

RIgG had an equally high accumulation in the kidney.
For comparison, we evaluated the accumulation of anti-Lyl

labeled with '25I, in a separate experiment (Fig. \B). i;5I-Anti-

Lyl also accumulated primarily in the spleen (19.8%), in even
greater concentrations than "'In-anti-Lyl. Less 125I-anti-Lyl
accumulated in the liver and kidney than '"In-anti-Lyl. An
equal amount of l25I-anti-Lyl accumulated in tumor, compared
to "'In-anti-Lyl. The biodistribution of 90Y-anti-Lyl was dis

cussed in the accompanying paper (18). The results were simi
lar, except that localization was higher in bone.

Hematological Effects of "'Y-labeled Antibodies. Myeloabla-

tive side effects have been reported in therapeutic studies using
'"'Y-labeled antibodies (10, 35). Thus, we studied the effects of

labeled antibody on WBC, lymphocyte, and neutrophil recov
ery. Groups of mice were given 150 pCi '"Y-anti-Lyl i.p. on

the day following i.v. administration of EL4 tumor cells (Fig.

10000

5.8000-

O.6000-
E
Ã• â€¢-â€¢-

2000 â€¢

10000

^8000-

0.6000-

10 20 30 40 50

Â§â€¢1000-

10

Days

20 30 '

Days

Fig. 2. Hematological effect of ""Y-anti-Lyl. At various time points after
treatment with 140 ^Ci '"Y-anti-Lyl, mice (five/group) were monitored for

peripheral WBC. lymphocyte, and neutrophil counts. Data are expressed as the
mean absolute WBC/jil. the mean absolute lymphocyte numbcr/(jl. or the mean
absolute neutrophil number/fil.
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RADIOLABELED ANTIBODY THERAPY FOR LYMPHOMA

Days Post Treatment

Fig. 3. Antitumor effect of '"Y-anti-Lyl MoAb in C57BL/6 mice given EL4
tumor cells. In A. 24 h after i.v. administration of 10' EL4 cells, mice were given
140 fiCi ""Y-anti-Lyl or ""Y-anti-human CDS MoAb i.p. One group of mice with
no EL4 cells was given '"Y'-anti-Lyl. In B. 24 h after i.v. administration of IO5
EL4 cells, mice were given 140 MCiMY anti-Lyl or PBS. In C. 24 h after i.v.
administration of EL4 cells, mice were given PBS, 200 /*Ci "VRIgG. 200 MCi
""Y-anti-Lyl, or unlabeled Lyl. Survival data are plotted in an actuarial manner.

the same 140 /Â¿Cidose of 90Y-anti-Lyl did not die, even after
100 days after therapy. When groups of tumor-bearing mice
were treated with 200 //Ci 90Y-anti-Lyl, all mice died before

day 10 (Fig. 3C). These early deaths were likely toxicity related
rather than tumor related. Similar results were obtained using
labeled RIgG. The earlier deaths from 90Y-Lyl treatment sug

gest that the animals may have died from myelosuppression
and enhanced immunosuppression due to a localization of
labeled antibody in lymphoid tissue.

Fig. 4A represents mice treated after IO6 EL4 cells were
administered i.v. Again, treatment with 90Y-anti-Lyl resulted

in a transient but significant (P < 0.02) antitumor effect, com
pared to PBS-treated controls. Treatment with irrelevant la
beled antibody protected slightly, but not as effectively as treat
ment with 90Y-anti-Lyl (P < 0.02). Because of localization of
labeled anti-Lyl in the spleen (Fig. 1), three groups of mice
were splenectomized 4 weeks before treatment with EL4 and
were then given labeled antibodies (Fig. 4B). The survival of
splenectomized mice was similar to the survival of nonsplenec-

tomized mice in all groups.
Estimate of Irradiation Dose Delivered in Vivo to EL4 Tumor

by Radiolabeled Antibodies, Based on External TBI. Since EL4
cells were injected i.v., the distribution of tumor and the dose
of radiolabeled antibody reaching the tumor were undeter
mined. In order to estimate the radiobiological effect of 90Y-
anti-Lyl on tumors cells following i.v. injection, EL4-injected
C57BL/6 mice (n = 10/group) were given increasing doses of

external-beam TBI, using an X-ray source. Fig. 5 shows that
protection comparable to protection observed in mice given
90Y-anti-Lyl was achieved at a dose between 100 and 200 cGy
of TBI. Mice given 400-500-cGy TBI were cured. Early deaths,
most likely related to hematological toxicity, resulted in groups
of mice given 600-cGy TBI.

DISCUSSION

The goal of our study was to evaluate the role of anti-Lyl
MoAb, a murine homologue of anti-human CDS MoAb, as a
radionuclide carrier for targeting and killing established EL4
lymphoma cells in C57BL/6 mice. Investigators (3, 4, 36-41)
are currently interested in therapy of lymphoma with radiola
beled antibodies because these tumors are usually radiosensitive
and accessible. Anti-Lyl was chosen because Lyl and CDS have
a similar distribution on mouse and human lymphocytes, re
spectively (17, 19). Also, anti-human CDS (30) and anti-Lyl
(in this study) each trigger antigenic modulation. EL4, a murine
lymphoma (20), was chosen because it is highly invasive, is
non-virally induced, is radiation sensitive, and forms micro-
metastases in vivo. Postmortem studies have shown widespread
infiltration of EL4 tumors into all internal organs examined
(42). Yttrium-90 was chosen because of its favorable energy,
half-life, and radiochemistry and because anti-human CDS an-

A. Non-splenectomized

â€¢*â€¢-Y-go-ami-CDS.n.io

B. Splenectomized

â€¢Y-90-anli-CDS,n-11

Days Post Treatment

Fig. 4. Antitumor effect of ""Y-anti-Lyl MoAb in splenectomized versus
nonsplenectomized C57BL/6 mice given EL4 tumor cells. One day after i.v.
administration of 10* EL4 cells, mice were given 150 /Â¿Ci""Y-anti-Lyl, 150 Â¿iCi
'"Y-anti-human CDS, or PBS i.p. A, the actuarial survival of nonsplenectomized

animals given EL4 cells. B, an identical experiment in which mice had been
splenectomized 4 weeks prior to treatment with EL4 and then with labeled
antibody.
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I
I
I

nÂ«ÃŒQ/group
300 cOy

200 cGy

lOOcGy

400. 500 cGy

600 cGy

Days

Fig. 5. Eslimate of irradiation dose delivered to EL4 cells in vivoby radiolabclcd
antibody, based on external TBI. One day after administration of 10s EL4 cells.
C57BL/6 mice (10/group) were given 0-, 100-, 200-, 300-. 400-, 500-, or 600-
cGy TBI. Survival of mice is plotted in an actuarial manner.

tibodies labeled with 9"Y have been used for therapy of lym-
phoma (4). Our in vitro and in vivo studies with 9"Y-anti-Lyl

showed that the radiolabeled antibody was active and selective.
In vitro studies suggested that the conjugate was stable, since
IRF values were unchanged even after 1 week. It will be impor
tant to evaluate the stability of 90Y-labeled antibody conjugates

in vivo in future studies.
We evaluated the therapeutic efficacy of 90Y-labeled anti-Lyl

I day after EL4 injection. At this stage, the disease likely
consisted of disseminated micrometastases accessible to anti
body (43). Since actual uptake of radioactivity in micrometa-

static lesions could not be measured, we monitored survival.
We observed a significant, but transient, increase in survival
with 90Y-anti-Lyl treatment. A slight but not significant ther
apeutic effect could be seen with 9"Y-labeled irrelevant MoAb,
supporting our contention that 90Y-anti-Ly 1 is at least partially

selective. Our ability to observe an effect on micrometastatic
lesions using 90Y-labeled antibody was somewhat surprising.

The killing of cells by radiolabeled antibodies can occur at a
distance from the binding site and relies in part on a "cross
fire" effect. In theory, a single day following i.v. administration,
IO5 EL4 tumor cells (with a doubling time of about 12-24 h)

might not have reached sufficient mass to effectively take ad
vantage of the cross-fire effect.

We feel that prolongation of survival in mice given a lethal
dose of EL4 cells was primarily limited by failure to deliver
radiolabeled antibody to tumor cells, since mice died with

widely disseminated tumors. Furthermore, in external-beam
therapy experiments, protection similar to that observed with
radiolabeled antibodies was produced by only 100-200-cGy
TBI (and in vitro clonogenic assay showed only 1.28 log EL4
inhibition at 250 cGy). Although such comparisons were used
to estimate dose, it should be noted that external-beam doses
and internal irradiation delivered by radiolabeled antibodies are
not entirely equivalent. External beam delivers a homogeneous
dose, while labeled antibody likely concentrates the dose in the
region of antigen-expressing targets that are well vascularized.
Biodistribution experiments did show that only a small quantity
of radiolabeled anti-Lyl localized selectively in s.c. EL4 tumors,
which might relate to the ability of anti-Lyl to induce antigenic
modulation. Others have reported a poor cumulative concen
tration of radiolabeled antibody in murine B cell lymphoma
(44).

The selective localization of 90Y-anti-Lyl in lymphoid tissue

was impressive and undoubtedly related to the high Lyl expres
sion on T cells and on some Lyl-positive B cells. We suspect
that the lymphohematopoietic reactivity of the antibody may
have limited the tolerated dose, since earlier mortality was
observed in groups of mice treated with 200 Â¿iCiof 90Y anti-
Lyl, in comparison to those treated with the same dose of 90Y-

RlgG. Our hematological studies showed a profound reduction
in lymphocyte count for the first 21 days following treatment.
Differential analysis showed that neutrophils had fully re
covered by day 28, whereas lymphocytes had not fully recovered
even 56 days after treatment. Perhaps myeloid precursors are
more radioresistant than lymphoid progenitors, or maybe the
microenvironment is more supportive of myeloid recovery in
this system. Although the destruction of normal lymphocytes
by 9"Y-anti-Lyl in the EL4 model was likely disadvantageous,

the selective depletion of Lyl-expressing lymphocytes proved
useful for treating lethal graft versus host disease, as shown in
the accompanying study (18).

In our experiments, control '"In-RIgG accumulated in the
liver more than did '"In-anti-Lyl. Interestingly, evaluation of

serum alanine aminotransferase levels (not shown) to assess
liver damage in small groups of mice (n = 3/group) showed
that 9"Y-anti-Lyl did not significantly elevate enzyme levels

(118 Â±24 units/liter), compared to PBS-treated controls (89 Â±
68 units/liter). 9('Y-labeled irrelevant RIgG did elevate serum

alanine aminotransferase levels (230 Â±108 units/liter), but the
elevation was not significant, possibly due to small sample size.
Both reagents had a high uptake in the kidney. We feel that
these data indicate that our reagents were selective but selectiv
ity was not absolute, perhaps due to Fc binding or reactivity
with the reticuloendothelial system.

Nonspecific binding might have resulted from the choice of
radionuclide and/or chelation method, since liver and kidney
accumulation were lower using i:5I-anti-Lyl, in comparison to
' "In-anti-Ly 1. Others have reported high accumulation of '"In-
labeled antibodies, compared to radioiodine-labeled antibodies,
in liver and kidney (45, 46). Transcomplexation of '"In to

transferrin might play a role in the observed differences between
radioiodinated and '"In-labeled antibodies (45, 47). In our
experiments, the localization of anti-Lyl MoAb to splenic cells
was better when the antibody was labeled with 125I,in compar
ison to '"In.

It could be argued that the mortality seen in our model was
partially due to the myelosuppressive effect of 9"Y-labeled an

tibody, which has also been observed in clinical studies (48,49).
We observed hematological toxicity after treatment with 90Y-
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anti-Lyl or control 90Y-RIgG, indicating that myelotoxicity
was not due to choice of antibody. Yttrium-90 has a compara

tively long range of penetration in tissue (maximum, 10 mm),
and circulating antibodies carrying 90Y may result in a form of

TBI. Furthermore, radiolabeled antibodies may accumulate in
bone marrow. Free 90Y in bone was a major cause of the
myelotoxicity observed with 90Y-labeled antibody therapy in

mice and humans (35), and our biodistribution studies with
90Y-anti-Lyl showed accumulated activity in bone (18). How

ever, we doubt that myelotoxicity was the major contributor to
high mortality at the 140-^Ci dose of 90Y-anti-Lyl, since non-

tumor-bearing mice given this dose did not die but mice with
EL4 tumor given the same dose died with disseminated disease.
Also, myelosuppression was reversible in these animals with
time.

A dose of 140-150 ÃŸCiof 90Y-labeled antibodies was tolerated

by all injected C57BL/6 mice. Two hundred Â¿iCiwas not. Other
investigators have reported different maximum tolerated doses
of 90Y-labeled anti-carcinoembryonic antigen MoAb (50 nCi)

in nude mice (35, 50). In a BALB/c model in which mice were
given injections of a Rauscher erythroleukemia, mice tolerated
100 pCi of 90Y-labeled antibody (10). Differences in radiosen-
sitivity between mouse strains, in labeling procedures, in half-
life and biodistribution, and in the quality of radioimmunocon-
jugate might be responsible for variations in tolerated dosages.

We observed a blood half-life between 22.1 and 28.6 h for
^Y-Lyl. Free 90Ywas cleared much more rapidly in our system,
with an estimated half-life of 3 h (data not shown). Thus, the
radiolabel was probably not cleaved immediately from the car
rier in vivo. Other investigators have shown that 90Y-labeled

antibodies prepared with the same chelate as used in this study
are stable in vivo (51). The biological half-lives of labeled
immunoglobulins in our system are independent of their spec
ificity but dependent on the species of their origin, as observed
in other experimental systems (52).

In conclusion, this study of 90Y-anti-Lyl in the EL4 lym-

phoma model has contributed new findings, (a) Intraperitoneal
administration of radiolabeled antibody the day after an i.v.
injection of lethal tumor resulted in prolonged and selective
protection, albeit transient, (b) The selective localization of 90Y-
anti-Lyl in lymphoid tissue was striking and likely related to
the presence of Lyl-expressing lymphocytes, (c) Following the
administration of a therapeutically efficacious dose of 90Y-anti-

Lyl, myelosuppression was observed. However, it was reversi
ble with time. In our opinion, the murine model of T cell
lymphoma will be useful for studying methods such as bone
marrow transplantation or use of recombinant cytokines to
augment lymphohematopoiesis after 90Y-labeled antibody ther

apy, as well as other approaches which might reduce toxicity
and increase the tolerated dose and therapeutic response.
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