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ABSTRACT

Monoclonal antibodies (MAbs) to Carcinoembryonic antigen (CEA) or
a-fetoprotein (AFP) were conjugated with diethylenetriaminepentaacetic
acid and radiolabeled with WY at a specific activity of 4.0-6.0 mCi/mg.
Approximately 50% of the radiolabeled anti-CEA antibody (""Y-laboled

NP-2) bound to an immunoadsorbent containing CEA while analysis by
high performance liquid chromatography revealed that 95-98% of the
WY was associated with immunoglobulin. Less than 5% of the *"Y
dissociated from either M Ab after incubation in plasma for 48 h at 37Â°C.

After injection into nude mice, 98% of the circulating radioactivity
remained associated with antibody and no loss of immunoreactivity was
observed at 3 days. To evaluate *"Y-lancled NP-2 as a therapeutic agent,

varied doses (10-100 nCi) were administered as a single i.v. injection
into groups of nude mice bearing s.c. implants (03-0.4 g) of a CEA-
producing human colonie cancer xenograft, GW-39. At the 10-Â¿iCidose,

no inhibition of tumor growth was observed. After 28 days, tumor growth
was inhibited by as much as 77% in mice treated with 50 n& of WIY-
labeled NP-2 as compared to tumor growth in control animals given ""Y~

labeled anti-AFP. Doses higher than 50 nC\ (75 and 100 nCi) were toxic
to most of the animals, killing them within 2-3 weeks after administra

tion. Marked suppression of circulating leukocytes was observed with 20
and 50 Â«iCiby 1-2 weeks postinjection, but they returned to normal levels
3-4 weeks later. These studies show that treatment with wY-labeled

MAbs against CEA can produce significant antitumor effects. However,
toxicity to the bone marrow may limit the therapeutic efficacy of system-
ically administered ""Y-Iabelcd MAbs.

INTRODUCTION

With the recognition that MAbs3 can be used to localize a

diverse number of human tumors, many investigations are now
focusing upon the ability of these MAbs to carry a variety of
tumoricidal substances for a more selective means of destroying
disseminated cancer.

Chemotherapeutic drugs, plant toxins, and radionuclides
make up the majority of the tumoricidal substances that have
been coupled to antitumor MAbs. A disadvantage of using
drugs or toxins in comparison to radionuclides is the require
ment that these substances be internalized by the tumor cells,
whereas high energy ÃŸparticles are effective even when they
are only deposited near the tumor cells. The range of action for
radionuclides is defined predominantly by the nature of the
particle (a, ÃŸ,auger) and the energy of the emission (1). One of
the earliest radioisotopes to be coupled to antibody for thera
peutic purposes was 13II (2-5). In our experience, both poly-

clonal and monoclonal antibodies against CEA effectively in
hibit the growth of a human colonie tumor xenograft, GW-39,
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in adult hamsters (3, 6). Although the therapeutic efficacy of
I3ll-labeled MAbs has been confirmed by others (7-9), several

other radioisotopes potentially have the ability to be more
tumoricidal than I31I (1). With the development of chemical

methods to couple chelates to MAbs, some of these metallic
radioisotopes can now be tested. In this study, we describe our
initial results in nude mice bearing GW-39, using an anti-CEA
MAb, NP-2 (10), that was coupled with DTPA via the cyclic
anhydride derivative and then labeled with 90Y (physical half-
life 64.2 h, 2.27-MeV ÃŸparticle) produced from a 90Sr/'Â°Y-

generator.

MATERIALS AND METHODS

Radioactivity. A '"Sr/^'Y generator was constructed as originally

described by Skraba et al. (11) and more recently by Hnatowich et al.
(12). Briefly, 20 mCi of wSr in 0.01 M HC1 were applied to 2 g of
activated Dowex 50W-X8 (50-100 mesh) packed in a 1.0- x 10.0-cm
glass column. The ""Y was then eluted with 2.0 ml of 3.0 M EDTA, pH

5.0, containing 0.1% phenol.
Destruction of the EDTA carrier was necessary for "Y labeling of

MAbs. First, the generator eluate was collected in a glass test tube and
charred in a propane flame (12). To the black residue, 1-2 ml of 6.0 N
HO were added and incubated for 15 min. The black slurry that
remained was evaporated to dryness and cooled, and 1-2 ml of 30%
H2O2 were added. After evaporation, a white residue appeared that was
reconstituted with at least 0.6 ml of 0.5 M sodium acetate, pH 6.0, to
a clear, colorless solution. The radioactivity was quantitated in samples
mixed with EcoFluor (National Diagnostics) using a Packard Model
3255 liquid scintillation spectrometer with an unrestricted discrimina
tor setting. Since we found the counting efficiency with a 32Pstandard
under a series of quenched conditions to be 95-100%, we assumed the
same counting efficiency for ""Y. The radionuclide purity of "'Y was
ascertained by ITLC (13) in which any "Sr contamination migrated
with the solvent front, while "Y remained at the origin when 0.9%

NaCl was used as the solvent system.
Antibody Coupling with DTPA. Anti-CEA MAb, NP-2, or control

anti-AFP MAb (both IgG 1 isotypes) was conjugated with cyclic DTPA
dinnhydride using a modification of the method of Paik et al. (14). The
conjugation reaction was carried out in 0.1 M phosphate buffer at pH
6.0 using a 100:1 or 150:1 molar excess of cyclic DTPA to MAb. A
pH of 6.0 was found empirically to reduce aggregation to less than 2%
so that additional purification of the coupled MAb was not required.
Twenty-five Â¿/Iof freshly prepared cyclic DTPA (64 mg/ml dry dimethyl
sulfoxide) were immediately added to 0.5 ml of MAb (10 mg/ml) while
stirring. After reaction for l h at 23Â°C,hydrolyzed DTPA was separated
by filtration over 1.6- x 25-cm Sephadex G-75 (Pharmacia Fine Chem
icals, Inc., Piscataway, NJ) equilibrated in 0.1 M sodium acetate, pH
5.6. The final DTPA-MAb concentration was determined by UV spec-
trophotometry using the extinction coefficient for IgG at 280 nm
(Â£"*= 14).

The number of DTPA molecules per MAb molecule was determined
by adding 50 /jg of conjugated MAb solution to 20 Â¿ilof a 0.00033 M
cold cobalt solution containing "Co tracer (5:1 molar excess cobalt to
MAb). The solution was incubated for l h at 23Â°Cand then separated
over Sephadex G-75 (1.6 x 25 cm). The "Co activity associated with

the MAb peak was used to derive the DTPA substitution level based
on the specific activity of the radioactive cobalt solution. Gel filtration
studies were confirmed by ITLC.
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RADIOIMMUNOTHERAPY WITH '"Y-LABELED ANTI-CEA

Radiolabeling of Antibodies. Both DTPA-NP-2 and DTPA-anti-AFP
were radiolabeled with buffered isotope at a calculated ratio of 4.0-6.0
mCi/mg MAb. For '"In labeling, indium citrate was formed by adding

a volume of citrate buffer, pH 4.0 ( 1% citric w/v, pH brought to 4.0
with NaOH) equaling 1.5 times the volume of the isotope ('"InCl3,

Amersham Corp., Arlington Heights, IL), whereas yttrium acetate was
isolated from the ""Sr generator and was used without further addition

of buffer. The antibody in 0.1 M sodium acetate was added, and after
15 min at 23Â°C,the radiolabeled MAb was separated from unbound

radionuclide by gel filtration over Sephadex G-75 (0.9 x 20 cm) that
was equilibrated in 0. l M PBS, pH 7.0. The total recovery of 90Yfrom

the column was generally in excess of 70%. The specific activity of the
radiolabeled MAb was calculated from the amount of ""Y recovered in

the voided fraction, with the assumption that 100% of the MAb was
also recovered. Each purified sample was passed through a 0.22-^m
sterile filter before animal injection. Immunoreactivity was determined
by measuring the binding to a CEA immunoadsorbent (15). The im-
munoreactivity of "Y- or "'In-labeled MAb was compared to that of
non-DTPA-conjugated, ml-labeled NP-2 that was radioiodinated by
the chloramine-T procedure (16). Molecular sizing of the purified,
radiolabeled MAbs was determined by HPLC using a TSK-3000 col
umn with an in-line radiation detector.

To determine the in vitro stability of the 90Y-labeled MAb complex,

10 fiCi of radioantibody were incubated in 3.0 ml of hamster or mouse
serum or transferrin (1 mg/ml in 0.1 M PBS, pH 7.2) at 37Â°Cfor 3

days. This mixture was sterile-filtered into a sterile vial, and aliquots
were removed aseptically 1 and 3 days later for analysis of immuno-
reactivity and molecular sizing characteristics. The percentage of radio
activity bound to MAbs was assessed by HPLC using a TSK-3000 gel
filtration column. In vitro stability was assessed by the same methods
using plasma samples (0.02-0.05 ml) from nude mice bearing GW-39
tumors and given injections of radiolabeled MAb 24 and 72 h earlier.

Dosimetry. The approximate radiation dose adsorbed by the tumor
and other tissues was calculated from biodistribution data obtained
over the course of 14 days. Nude mice bearing 1-week-old GW-39
tumors were given i.v. injections of 75 /Â¿Ciof either ""Y-labeled NP-2
or 90Y-labeled anti-AFP and were sacrificed after 1, 3, 7, and 14 days.

Dose rate calculations were based principally on the techniques found
in the Medical Internal Radiation Dose documents (17) and have been
described previously (4).

Animal Tumor Model. CEA-producing human colonie cancer xeno-
grafts, GW-39 (18), were serially transplanted s.c. into 4-6-week-old

female nude mice (HarÃan, Indianapolis, IN). For the experiments,
freshly excised GW-39 tumors were passed through an E-C Collector

(40 mesh; Thomas Scientific), and each mouse received 0.2 ml of a
10% tumor cell suspension in 0.01 M PBS, pH 7.2, supplemented with
genuiniicin. For localization and stability studies, two groups of 12
GW-39 tumor-bearing mice were given i.v. injections in the tail vein of
75 Â¿iCiof "Â°Y-labeledNP-2 or 90Y-labeled anti-AFP and were sacrificed

1, 3, 7, and 14 days later. Blood was removed from anesthetized mice
by cardiac puncture; after cervical dislocation, selected tissues were
excised, and 20-50-mg pieces of tissues were prepared for liquid scin
tillation counting. Blood samples were digested using a 1:2 mixture of
Protosol (New England Nuclear) and ethanol. All other tissues were
digested solely in Protosol, decolorized with 30% H2O2, resuspended
in scintillation solution, and acidified. Each sample was counted in a
liquid scintillation spectrometer. The radioactivity in the tissues was
computed on a per g basis. A separate group of animals received
injections of 100 jiCi of '"In-labeled NP-2 in order to compare the

biodistribution of the same antibody-DTPA conjugate that was labeled
with 90Yor '"In. Tissues were removed from these animals and directly

counted in a gamma scintillation spectrometer.
In therapy experiments, groups of 5 mice received injections via the

tail vein of 10, 20, 30, 50, 75, or 100 jiCi of ''"Y incorporated into 2.5,

5.0, 7.5, 12.5, 18.8, or 25 Â¿igof DTPA-conjugated MAb, respectively.
The tumor growth rate was determined by measuring the length, width,
and thickness of each tumor using a caliper and is expressed in cubic
centimeters. Measurements were taken prior to injection of either
radioantibody and then on a weekly schedule. A group of untreated
GW-39 tumor-bearing mice was also studied as a separate control.

Statistical significance of differences in tumor masses was tested using
an a priori comparison of means and groups of means in a single
classification Model 1 analysis of variance with a confidence level of
95% (19,20). The average percentage of tumor inhibition was calculated
by

% of TIC
mean change in tumor size for 90Y-NP-2-treated animals

mean change in tumor size for 90Y-anti-AFP-treated animals

where T is treated and C is control.
Toxicity was measured by change in body weight and by determina

tion of the total peripheral WBC. Body weight measurements were
made weekly. To evaluate peripheral blood toxicity, randomly selected
mice (2-3/observation) in each group were bled retroorbitally using
heparinized capillary tubes (44.7-^1 volume). Blood samples were trans
ferred to 4.5-ml plastic tubes, rinsed with 1 ml of 0.1 M Dulbecco's

PBS (GIBCO, Grand Island, NY), and centrifuged at 1500 rpm for 5
min. Excess liquid was carefully removed by suction and then the RBC
were lysed using a solution that contained 0.15 MHgCl, 0.01 MKHCO3,
and 0.0001 M EDTA. The WBC were counted by an Ortho Spectrum
III flow cytometer and quantitated to cells/mm3.

Whole-Body Autoradiography. Two groups of 4 nude mice, one group
receiving 75 /Â¿Ciof 90Y-labeled NP-2 and the other 75 MCi of ""Y-
labeled anti-AFP, were sacrificed 4 days later by immersion in Dry Ice-
cooled hexane. In these studies, each mouse was transplanted 1 week
earlier with GW-39 and a CEA-negative renal cell carcinoma cell line.
The hypernephroma cell line was established in our laboratories about
7 years ago and is serially propagated in nude mice in a similar fashion
as GW-39. The frozen specimens were processed and densitometric
measurement of radioactivity in several tissues was performed as de
scribed previously by Fand et al. (21).

RESULTS

Preparation of '"Y. Generator elution yields ranged from 15
to 17 mCi of 90Yevery 2 weeks, or 10-12 mCi weekly. Radio

nuclide concentrations were routinely greater than 10 mCi/ml.
Determination of 90Sr breakthrough was achieved by ITLC
using a solvent system of 0.9% NaCl. Any 90Sr contamination
migrated with the solvent front while 90Yremained at the origin.
However, since trace amounts of 90Y-EDTA migrated with the
solvent front, the percentage of 90Sr breakthrough was deter

mined by counting sections of the solvent front and origin from
the ITLC strip daily for 3 weeks until the 90Ycomponent had

completely decayed. The origin section of the strip decayed
with the half-life of 90Yas did the solvent front section. When

the activity of the solvent front section was plotted logarithmi
cally against time, a plateau region was observed. Extrapolation
from the plateau region back to the j>-axis gave the amount of
radioactivity contributed by 90Sr, which was determined to be

at a maximum of 0.07 Â±0.01%.
DTPA Conjugation and the Incorporation and Stability of ""Y-

labeled MAbs. Using concentrations of 8-10 mg/ml of NP-2
and anti-AFP and varying the molar ratios to 100:1 or 150:1
of cyclic DTPA to the MAbs, 0.6 or 2.5 DTPA molecules/
MAb molecule were incorporated, respectively. These condi
tions were found to minimize aggregation (no more than 2%),
thereby eliminating the necessity for further purification. Ap
proximately 80-90% of the immunoreactivity of the DTPA-
conjugated NP-2 was retained as compared to radioiodinated
but non-DTPA-conjugated NP-2.

90Y incorporation into DTPA-NP-2 or DTPA-anti-AFP

ranged from 50 to 65%, resulting in specific activities of 3-4
mCi/mg, whereas "'In incorporation was 75-90%, yielding

specific activities of about 5 mCi/mg. Analysis of the labeled
materials using HPLC showed the presence of 1-2% aggregates
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and the absence of radioactive products at a molecular size
smaller than the MAb. The 9Â°Y-or '"In-labeled NP-2 was
determined to be 50-60% immunoreactive, while 6-8% non
specific binding to the CEA immunoadsorbent was observed
with the 90Y-labeled anti-AFP.

The radiolabeled MAbs were evaluated for their in vivo and
in vitro stability. After 2 days of incubation of 90Y-labeled NP-
2 with hamster serum at 37Â°C,by HPLC analysis, 93% of the

recovered radioactivity eluted as native IgG with the remaining
activity appearing as low molecular size species (total recovery
was 85% of the applied radioactivity). This value was very
similar to the percentage of 90Y associated with MAb (95%)
prior to incubation. Incubation of free 90Yor incubation of the
90Y-labeled NP-2 complex with transferrin under the same in

vitro conditions showed that no radioactivity eluted with the
transferrin peak after HPLC separation. Similar results were
obtained with 90Y-labeled anti-AFP or when mouse serum was

substituted for hamster serum. The characteristics of circulating
radioantibody were also evaluated as a measure of the stability
of the labeled MAb in vivo. After 3 days, only 2% of the
circulating 90Ywas not associated with NP-2 and there was no
loss of immunoreactivity. Similar results were found with ' "In-
labeled NP-2.

Biodistribution. The distribution of 90Y-labeled NP-2 and 90Y-
labeled anti-AFP was determined 1, 3, 7, and 14 days after
administration of each labeled MAb in separate groups of nude
mice bearing GW-39. The percentage of injected dose per gram
of tumor in mice given 90Y-labeled NP-2 on days 1-14 was

between 16 and 24%. This was significantly (P < 0.05) higher
by approximately 2-4-fold than the tumor uptake in mice given
injections of the nonspecific 90Y-labeled anti-AFP (Table 1).

Clearance from blood was the same for both the nonspecific
and specific MAbs and was more rapid than the clearance from
the major organs. The total activity in the spleen did not
increase over time, but splenic mass decreased by 2-3-fold,
resulting in an increase in the percentage of injected dose per
unit weight of spleen. As shown in Table 2, the tissue uptake
of '"In-labeled NP-2 was similar to that of 90Y-labeled NP-2,

Table Tissue distribution of^Y-labeled anti-NP-2 and anti-AFP in nude mice
bearing GW-39 colonie tumor xenografts

Anti
bodyNP-2Anti-AFPDay

post-radioantibodyinjectionTissueGW-39LiverSpleenKidneyBloodGW-39LiverSpleenKidneyBlood116.50

Â±10.20
Â±14.84
Â±8.71

Â±17.02Â±8.27

Â±14.94
Â±4.09"2.635.300.433.690.822.3718.87
Â±6.4211.95Â±15.10Â±3.020.91320.98

Â±7.37
Â±19.74Â±5.84

Â±11.98Â±9.22

Â±9.883.5110.922.067.440.8012.21
Â±0.4522.58

Â±7.43
Â±10.27

Â±3.331.451.93724.07

Â±7.04
Â±35.23

Â±6.16
Â±3.39
Â±8.21

Â±10.85
Â±45.55

Â±6.30
Â±2.27

Â±1.660.4811.140.920.920.180.843.300.600.281420.71

Â±9.345.52
Â±1.1841.75

Â±7.214.40
Â±1.240.51

Â±0.115.30

Â±1.126.73
Â±1.3748.26
Â±6.613.83
Â±0.540.42
Â±0.19

" Percentage of injected dose/g tissue (means Â±SD; n = 3).

Table 2 Tissue distribution of" 'In-labeled NP-2 in nude mice bearing GW-39

colonie tumor xenografts
Day Post-radioantibody injection

TissueGW-39

Liver
Spleen
Left kidney
Lungs
Blood
Bone118.14

Â±1.60Â°

7.45 Â±1.54
9.50 Â±1.77

10.18 Â±2.20
8.36 Â±1.20
3.50 Â±0.51

18.12 Â±3.31320.65

Â±2.06
8.10 Â±0.77
7.97 Â±1.10

10.79 Â±0.61
6.51 Â±0.80
3.99 Â±0.70

10.27 Â±1.23"
Percentage of injected dose/g tissue (means722.81

Â±3.03
8.12 Â±0.80
6.76 Â±1.28

10.10 + 0.54
4.75 Â±0.35
4.38 Â±0.46
6.57 Â±1.09Â±
SD, n = 3).1414.06

Â±4.67
6.28 Â±0.61
9.79 Â±2.32
7.37 Â±0.27
3.40 Â±0.45
3.75 Â±1.0
3. 12 Â±0.95

but since splenic mass was not influenced by the '"In-labeled
NP-2 dose, the percentage of '"In-labeled NP-2 in the spleen

remained constant over time. Thus, we believe that the reduc
tion in splenic weight in the animals given 90Y injections was
related to the severe myelosuppression found with doses of 90Y-
labeled MAb exceeding 50 ^Ci. Although the uptake of '"In-
and 90Y-labeled NP-2 in the major organs was similar, 90Y-
labeled NP-2 was cleared more rapidly from the blood than
'"In-labeled NP-2 during the time period between 3 and 14

days.
Radioimmunotherapy. Upon administration of 10 nC\ of 90Y-

labeled NP-2 or 90Y-labeled anti-AFP MAb, no significant

effect in tumor growth was evident (Fig. IA). When the dose
was raised to 20 /Â¿Ci,an antitumor effect was not detected until
21 days postinjection (Fig. IB). At this time, mice treated with
90Y-labeled NP-2 had significantly smaller tumor masses than
the mice given irrelevant 90Y-labeled anti-AFP (P < 0.05) and

showed an average inhibition of tumor growth of 71%. Tumor
masses of the mice treated with 90Y-labeled NP-2 remained
significantly smaller than those of mice treated with 90Y-labeled
anti-AFP until 35 days after injection, after which time the 90Y-
labeled anti-AFP group of animals was sacrificed for humane

reasons due to tumor burden.
At an administered dose of 30 Â¿Â¿Ci/mouse,the 90Y-labeled

NP-2-treated group had significantly smaller tumors than the
untreated control group as early as 16 days after injection (Fig.
1C). The tumors of mice receiving injections of 30 /xCi of the
90Y-labeled anti-AFP also showed decreased tumor growth

compared to the untreated group, but this was not significant
until after 20 days. When the effectiveness of the specific
radioantibody and the radioactive irrelevant MAb was com
pared, a significant difference in affecting tumor growth was
observed on day 20 and thereafter until day 35. The highest
mean inhibition of tumor growth elicited by 30 nC\ of 90Y-
labeled NP-2-treated mice in comparison to 90Y-labeled anti-

AFP was 43% 28 days after treatment, but this decreased to
only 28% growth inhibition on day 35.

Mice given a dose of 50 /Â¿Ciof either 90Y-labeled NP-2 or
90Y-labeled anti-AFP showed a significant tumor growth differ

ential between the two groups after 21 days (Fig. 10). By 28
days, the average inhibition of tumor growth in mice given
injections of 90Y-labeled NP-2 in comparison to mice given an

0 10 20 30 40 0 10 20 30 40 50 60

DAYS POST INJECTION
Fig. 1. GW-39 tumor growth in athymic nude mice given injections of Â°Â°Y-

labeled monoclonal antibodies. Tumor-bearing mice (S/group) received a single
i.v. injection of (A) 10 pd; (B) 20 jjCi; (Q 30 jiCi; or (D) 50 iiC\. Bars, SD. A,
untreated; â€¢,"Â°Y-labeledanti-AFP; O, ""Y-labeled NP-2.
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RADIOIMMUNOTHERAPY WITH '"Y-LABELED ANTI-CEA

equivalent dose of 90Y-labeled an ti-AFP was 75%. The mice
treated with the '"Y-labeled NP-2 survived 56 days after injec

tion and then were sacrificed due to tumor burden, while mice
given injections of irrelevant antibody were sacrificed 3 weeks
earlier.

The estimated radiation dose to the tumor and tissues for
animals given 50 /iCi of 90Y-labeled antibody is given in Table

3. The doses represent the cumulative rad dose to the tissues
over 14 days and were calculated from the biodistribution data
given in Table 1. Since there was a significant loss in splenic
mass for these animals due to the injection of 75 /Â¿Ciof 90Y-

labeled antibody, we have excluded our estimate of the rad dose
to the spleen. In animals given 90Y-labeled NP-2, the tumor
would have received almost 2-3 times more rads than the
normal tissues. A similar advantage was calculated for the
tumors in animals given 90Y-labeled NP-2 in comparison to the
""Y-labeled anti-AFP.

Toxicity. All animals given 75 or 100 ^Ci of 90Y-labeled M Ab

died within 2 weeks and therefore were not considered in our
evaluation of therapeutic efficacy.

As shown in Fig. 2, the WBC levels were quantitated weekly
for mice administered therapeutic doses of 20 and 50 Â¿tCi.Mice
receiving either of these doses showed significant signs of
myelosuppression at 1-3 weeks into therapy. In comparison to
untreated animals, the total cellular counts decreased by as
much as 50-60% at 20 nd and by 80-85% at 50 nCi. All
treated mice had recovered by 4-5 weeks after therapy. Weight
losses were no greater than 7% in animals given 50 pCi of 90Y-

labeled MAb (data not shown), whereas animals given higher
doses of 90Y-labeled MAb showed marked wasting.

The cause of myelosuppression was apparent by WBAR. In
animals given either 90Y-Iabeled NP-2 or 90Y-labeled anti-AFP,

there was appreciable uptake in all the major bones (Fig. 3). In

Table 3 Determination of radiation doses to tissues in nude mice bearing GW-ÃŒ9
tumors given SO Â»Ciof"Y-labeled antibody

AntibodyNP-2

Anti-AFPTissueGW-39

Liver
Kidneys
Lungs
GW-39
Liver
Kidneys
LungsCumulative

rad
dose after 14

days"1603

742
596
573
498

1156
750
498

" The cumulative ratiation dose to the tumor and tissues were determined from

the biodistribution data presented in Table 1.

6000

5000-

4000-

3000â€¢

O 2000-

1000-

DAYS POST INJECTION
Fig. 2. Circulating total WBC in GW-39 tumor-bearing athymic nude mice

given injections of *Â°Y-labeledmonoclonal antibodies, untreated mice, â€¢:mice
given injections of ""Y-labeled anti-AFP monoclonal antibody (D) 20 /<('i or (D)
50 (iCi; mice given injections of *Â°Y-labeledanti-CEA monoclonal antibody (D)

20 jiCi or (13)50 pCi. Ban, SD.

Fig. 3. Whole-body autoradiographs of nude mice bearing GW-39 (T) and a
nontarget hypernephroma tumor (//). These are sagittal sections with head facing
to the left. The animals were given i.v. injections of 75 nCi of *Â°Y-labeledanti-
NP-2 (top) or "Â°Y-labeledanti-AFP MAb (bottom) and sacrificed 4 days later. All

the major bones (ft) in the skull, vertebrae, and hind legs are clearly shown in
each animal. The animal given the control anti-AFP MAb was also found to have
a higher amount of activity in the liver (/1.

Table 4
Densitometrically derived GW-39 tumor/nontumorous ratios" obtained 4 days

after injection of monoclonal anti-CEA IgG (NP-2) or irrelevant IgG (anti-AFP)
conjugated lo90 Y

AFPTumor/liver

Tumor/kidney
Tumor/blood
Tumor/lung
Tumor/bone""Y-labeled

anti-CEA
IgG (NP-2)2.2

5.3
4.9
3.9
1.3"Vlabeled

irrelevant
IgG1.2

2.5
1.6
1.6
0.7

" Data expressed as the means of subjects (n = 2/treatment group). Activity in

the blood was determined by using blood from the region over the heart.

order to determine whether the activity in the bone was 90Sr
rather than 90Y, the sections were decayed for 1 month and
then reapplied to film. After an additional 1-month exposure
of the film, there was no evidence of radioactivity in the tissues,
suggesting that the initial activity in the tissues was 90Y, not
90Sr.As shown in Table 4, densitometrically determined tumor/

bone ratios were the lowest among the tissues tested, indicating
that the bone was a major site of 90Y uptake. This was in
contrast to the tumor/bone ratios found using ' "In-labeled NP-

2 that were approximately 5:1 during the first 7 days (Table 2).
The specificity of NP-2 for colorectal cancer is also demon
strated in Fig. 3 by the higher uptake in GW-39 in comparison
to a non-CEA-producing renal cell carcinoma cotransplanted
in the nude mice. The control 90Y-labeled anti-AFP showed less
uptake in GW-39 than the renal cell carcinoma, but there was
a higher level of uptake in the liver.

DISCUSSION

We have found that an anti-CEA MAb labeled with 90Ycan

effectively slow the growth of a human colonie tumor xenograft
in nude mice, but the therapeutic efficacy of this treatment
appears to be limited by bone marrow toxicity. In these studies,
we were unable to administer single doses of 90Y-labeled anti

body higher than 50 /Â¿Ciwithout causing the death of the host.
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However, even single doses of 20 /Â¿Ciof 90Y significantly

reduced the level of peripheral white blood cells, but at doses
lower than 50 /Â¿Ci,the animals were able to recover within 3-4
weeks. Bone marrow toxicity appeared to be the result of a high
uptake of 90Y in all of the bones, as revealed by WBAR tech
niques. High uptake in the bone was found for both 90Y-labeled
NP-2 and the anti-AFP and is thought to be due to the second
ary uptake of 90Y by the bone after the MAb is metabolized

rather than selective uptake due to an unrecognized specificity
of these MAbs for the bone of nude mice. Indeed, 90Y and its
parent compound '"Sr are known to concentrate in bone (22).
We feel that 90Y uptake in the bone rather than 90Sr was a
major factor in the toxicity because 90Sr levels from the gener

ator were less than 0.07% of the total activity, and by decaying
the autoradiographic sections, we were unable to detect any
additional radioactivity in the tissues despite prolonged expo
sure to the film. Thus, regardless of the mechanism for the
bone uptake, these results suggest that caution should be exer
cised when administering "Â°Y-labeledMAbs and that toxicity

to the marrow may limit the therapeutic efficacy.
We are encouraged that the toxicity of 90Y-labeled MAb may

be reduced, because our preliminary studies with another deriv
ative of DTPA, the isothiocyanatobenzyl-DTPA described by
Brechbiel et al. (23), has shown less bone uptake than we
observed with MAb coupled with the cyclic anhydride-DTPA
derivative (24). Thus, the development of other chelates and of
other conjugation and purification methods may reduce the
undesired toxicity of "Â°Y-labeledMAbs.

Washburn et al. (25) have reported poor radiolabeling effi
ciencies (10-20%) and a high degree of tumor uptake by an
irrelevant immunoglobulin to a human colorectal cell line that
may have been related to the low specific activity of the radio-
labeled MAbs. Since we obtained 90Y in a similar fashion as

Hnatowich et al. (12) and our labeling efficiencies were similar
to the efficiency reported by this group, the poor labeling
efficiency reported by Washburn et al. (25) may have been
related to the quality of the 90Y. Nevertheless, labeling efficien

cies need to be improved further so that incorporation by
antibody chelates is as high as that reported for '"In [greater

than 90% (26)].
With respect to the biodistribution, toxicity, and antitumor

activity of the 90Y-antibody, we are in agreement with Ander
son-Berg et al. (27) that in nude mice a 50-nCi dose of MAb
was the highest dose that could be administered without killing
animals due to excessive toxicity. In addition, the level and
duration of myelosuppression at the doses of 90Y MAb tested
below 50 lid were similar to the experience of Anderson-Berg
et al. In our study we also observed that the specific anti-CEA
MAb was 2-3 times more effective in reducing tumor growth,
but unlike the results reported by Anderson-Berg et al. (27)
using erythroleukemic mice, we were unable to show complete
remission of the s.c. colorectal tumor xenografts. Although they
did not observe nonspecific toxicity to the spleen, we observed
a 2-3-fold reduction in spleen weight in animals treated with
75 ÃŸd of 90Y. Since we did not examine the tissues from
animals given lower doses of 90Y MAb, we do not know the

threshold of splenic toxicity. Thus, our results may suggest that
tumors residing in the spleen may be more susceptible to ""Y-

labeled MAb treatment than s.c. tumor transplants, but we
cannot rule out the possibility that there may also be differences
in the radiosensitivities of these two tumors. Vaughan et al.
(28) observed a prolonged high level of 90Y in the liver of
normal mice, prompting this group to suggest that 90Y-labeled

MAb may be unsuitable for tumor therapy. We did not observe

a progressive increase in liver uptake, but rather a sustained
amount of activity in the liver for 3-7 days. Thus, toxicity to
the liver was not a major problem in our study.

We have also shown that WBAR is a valuable method for
assessing the distribution of 90Y in the animals. This method
clearly demonstrated the uptake of 90Y in bone, unlike data
obtained by counting the femurs of animals given "'In-labeled
NP-2. This suggests that the use of '"In as a radioactive tracer
for MAb-chelate conjugates may not be an accurate measure of
90Y-labeled MAb uptake in bone. Thus, because WBAR can

give such a complete picture of isotope distribution, it is a
preferred method for screening radiometal-labeled antibodies,
especially when ÃŸor a emitters are used.

In conclusion, although 90Y may be an excellent candidate

for tumor therapy, the toxicity of this isotope to bone when
coupled with a MAb may limit its therapeutic efficacy, espe
cially for systemic treatment. Unless this toxicity can be reduced
by improvements in the chelator, linkages of the chelator to the
MAb, or alterations in either the MAb or the metabolism of
the host so that bone uptake is significantly reduced, 90Y-labeled

MAb may be more useful in the regional treatment of tumors
residing in the peritoneal cavity, lymph nodes, or even intra-
hepatic tumors by intraarterial injections.
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