
treatment of refractory B-cell lymphomas, complete cures
have been achieved (1,2). In solid tumors, because of poor
accessibility and lower radiosensitivity, only partial re
sponses have been reported (3â€”6).A major limitation of RU'

in solid tumors is secondary toxicity, especially to the
hematopoietic system. Several approaches to improving
tumor-to-normal organ ratios, based on the pretargeting
concept, are under investigation (7,8).

We have developed a pretargeting strategy, the affinity
enhancement system (AES), which uses bispecific antibod
ies to target radiolabeled bivalent haptens to antigens at the
surface of tumor cells. The bivalent hapten is injected after a
delay, which allows excess bispecific antibody to clear from
circulation. In addition, the bivalence of the hapten explains
its higher avidity for cell-bound than for free-circulating
bispecific antibody (BsF(ab')2) through cooperative binding
at the cell surface (9). In experimental tumors in mice, the
AES achieved fast and high activity uptake in the tumor,
long tumor residence time. and contrast ratios to most
normal organs 2â€”3times greater than those obtained with
directly labeled antibodies or fragments (9â€”12). These
features have been confirmed in clinical trials with immuno
scintigraphy of carcinoembryonic antigen (CEA)-express
ing tumors (13â€”15).Furthermore, a preliminary clinical
dosimetry study has shown that â€˜31I-labeledAES reagents
could deliver radiation doses to tumors in the range of those
obtained using direct targeting, but with reduced exposure of
normal organs (16).

The aim of this study was to evaluate the application of
the AES to lilT of a CEA-expressing solid tumor in an animal
model. Therefore, â€˜31I-labeledbivalent diethylenetriamine pen
taacetic acid (DTPA) hapten targeted by anti-CEA X anti
DTPA-In BsF(ab')@ was compared with â€˜31I-labeledanti-CEA

F(ab')2 for the treatment of nude mice grafted with LS174T
human colorectal carcinoma. The results are discussed with
respect to therapeutic efficiency and treatment toxicity.

MATERIALS AND METHODS

TumorModel
Female NMRI nu/nu mice, 10â€”12wk old, were obtained from

CERJ (Laval, France). The human colon carcinoma LS174T cell
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adioimmunotherapy (RIT) with â€˜31I-labeledmonoclo
nal antibodies has given contrasting clinical results. In the
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line (ATCC, Rockville, MD) was grown as reported (12). Thmor
cells (2.5 X 106) were grafted in nude mice by subcutaneous
injection in the flank. Ten days later, mice were selected for
experiments.

Monoclonal Antibodies and Preparation of
Bispecific Antibodies

Anti-CEA clone F6 (Immunotech, Marseille, France), anti
DTPA-In clone 734 (9) (Immunotech), anti-high-molecular-weight
melanoma-associated antigen (HMW-MAA) clone G7A5 (oh
tamed from Dr. J.F. DorÃ©,INSERM, Lyon, France), antihistamine
clone 679.1MC7 (17) (Immunotech), and anti-F6 idiotype clone
44.12.13 (Immunotech) are mouse IgUls. All antibodies were
purified from ascites fluid by affinity chromatography on protein
A-Sepharose (Pharmacia, Uppsala, Sweden). F(ab')2 fragments
were prepared by digestion with pepsin (Sigma Chemical Co., St.
Louis, MO). The bispecific antibodies were prepared by coupling
reduced F(ab')@with o-phenylenedimaleimide (Sigma) as reported
(18). The l00-kDa fraction corresponding to the bispecific anti

body (BsF(ab')2) was purified by gel filtration on a Superdex 200
column (Pharmacia).

Bivalent Hapten
Na-DTPA-tyrosyl-Nâ‚¬-DTPA-lysinewas synthesized as de

scribed (9).

LabelIng
Anti-CEA F6 F(ab')2 was labeled using lodo-Gen (Pierce,

Rocklord, IL) with 370 MBq Na'31! (180â€”220MBq4tg; CIS Bio
International, Saclay, France) for 6 nmol protein.

The bivalent hapten was labeled with iodine using chloramine-T
as follows: 15 nmol of indium chloride-saturated hapten were
iodinated with 1.5 GBq Na'31! and 50 @igchloramine-T. The
reaction was stopped after 2 mm at room temperature by adding
100 pig sodium disulfide and incubated for 5 mm at room
temperature. The labeled hapten was then purified on a SepPak C18
cartridge (Millipore, Milford, MA) equilibrated in 1 mol/L N-[2-
hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid], pH 8.0, and
eluted in 100% methanol. The methanol was evaporated in a rotary
evaporator at 65Â°Cfor 30â€”45mm. The final solution of labeled
hapten was then adjusted to 8 mmol/L cysteamine to avoid
radiolysis.

RIT Experiments
The average tumor volume selected for experiments was 129 Â±

103 mm@(32â€”470mm3). Each group of treated mice had its own
untreated control group. A total of 6 groups of 10â€”12mice were
treated using anti-CEA X anti-DTPA-In F6â€”734BsF(ab')2 and
â€˜311-labeleddi-DTPA-In bivalent hapten. Two sets of experiments
were performed. In the first, the pretargeting time was kept constant
(at 20 h), whereas the injected activity of labeled bivalent hapten
was set at 2.9 Â±0.2, 3.4 Â±0.4, and 3.8 Â±0.3 MBq/g, resulting in
respective total activities of 75.5 Â±3.0, 96.2 Â±8.1, and 112.5 Â±
1.8 MBq. These groups are referred to as AES 20/2.9, AES 20/3.4,
and AES 20/3.8. In the second set of experiments, an almost
constant activity oflabeled hapten (3.8 Â±0.4, 3.9 Â±0.3, and 3.7 Â±
0.5 MBq/g; total activities of97.9 Â±2.4, 111.2 Â±1.6, and 96.3 Â±
0.5 MBq) was injected after various pretargeting delays (15, 30,
and 48 h, respectively) after administration of the BsF(ab')2. These
groupsarereferredtoasAES 15/3.8,AES 30/3.9,andAES 48/3.7,
respectively. The protein dose of BsF(ab')2 ranged from 2.4 to 3
nmol, and the bivalent hapten-to-BsF(ab')2 molar ratio was set to

0.5. As a control for the effect of nonspecific hapten targeting, a

group of mice (AES controls) was injected with the same number
of anti-CEA and anti-DTPA-In binding sites but carried by 2
distinct BsF(ab')2 (6 nmol equimolar mixture of anti-CEA X
antihistamine (F6â€”679)and anti-HMW-MAA X anti-DTPA-In
(G7A5â€”734)BsF(ab')2) and 15 h later with 3.6 Â±0.3 MBq/g
(89.2Â±1.2MBq)â€˜311-labeleddi-DTPA-In.Inafinalexperiment,8
nude mice without tumors were injected with 3.5 Â±0.3 MBq/g
(74.9Â±3.7MBq)bivalenthapten.ForconventionalRIT,10mice
were injected with 3.7 Â±0.4 MBq/g (96.1 Â±5.0 MBq) â€˜311-labeled
F6 F(ab')2.

RIT Follow-Up
Thmor size and mouse body weight were measured initially

twice a week and, after day 50, once a week. Three orthogonal
diameters of the tumor were measured with a caliper, and tumor
volume (V) was calculated by the formula:

V = (d1X d2 X d3)/2.

The mean time at which the tumors reached 6 times their initial
volume was determined for the control groups. The growth delay
(GD) was definedas the additionaltime a treatedtumorneeded to
reach this volume. For hematologic toxicity assessment, peripheral
white blood cells (WBCs) and platelets were counted on a MAXM
counter (Coulter, Hialeah, FL) at 2, 4, 6, and 7 wk after therapy.

Whole-Body Cumulated Activfty
For the AES 20/3.4, AES 48/3.7, hapten alone, and F(ab')2

groups, whole-body counts for each mouse were measured on a
Gammatomme â€˜ycamera (Sopha Medical Vision, Buc, France) at 7
time points (1â€”26d) using a pinhole collimator. Counts were
corrected for background, isotope decay, and acquisition time.
Whole-body count data for each group were fitted by least square
regression to a sum of 3 exponentials (2 exponentials for the hapten
alone and F(ab'h groups) and the area under the timeâ€”activity
curve (MBq X number of days) extrapolated to infinite time was
calculated by integration of the fitted exponentials.

Immunohistochemistry
At the end of the 8-mo observation period, the animals were

killed and dissected. The tumor nodule (if any), the major organs
(liver, spleen, and lungs), and any macroscopically suspect organ
were sampled for anatomopathologic examination. These speci
mens were fixed in 10% formalin, routinely processed, and
embedded in paraffin. Sections (5 pm) were obtained from the
paraffin blocks and were immunostained for CEA and Ki-67
antigens, using the streptavidin-biotin-peroxidase complex and the
diaminobenzidin chromogen (Immunotech). The sections were
then counterstained with hematoxylin.

Statistical Analysis
Statistical analyses were performed on hematologic and clinical

chemistry data and measurements of tumor GD. Global compari
sons were made using the ANOVA procedure. Because of the
limited number of animals, the nonparametric Mann-Whitney U
test was used for pairwise comparisons.

RESULTS

Quality of Reagents
The F6â€”734BsF(ab')2 was 97% pure as assessed by gel

filtration chromatography. Its immunoreactivity was 90% on
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an anti-F6-idiotype solid phase and 70% on a DTPA-In solid
phase.

The labeling of the bivalent hapten with â€˜@â€˜Iwas devel
oped so that 2 iodine atoms could be substituted on the
tyrosine residue of the peptide to achieve high specific
activities (79 Â± 12 MBq/mol). Although cysteamine was
added to reduce radiolysis, immunoreactivity decreased
from 96% to 87% during methanol removal (measured on an
anti-DTPA-In solid phase after injections of mice were
completed).

F6 F(ab')2 was 90% pure as assessed by gel-filtration
chromatography. 131! labeling of the F(ab')2 yielded an
average specific activity of 54 MBq/nmol, corresponding to
1.8â€”2.3iodine atoms per molecule. The immunoreactivity
measured on the anti-F6-idiotype solid phase after injections
of mice were completed was 9 1%.

Whole-Body Cumulated Activity
Whole-body measurements showed that increasing the

pretargeting time from 20 to 48 h was very effective at
reducing the cumulated activity in the whole body (178 Â±16
and 71 Â± 18 MBq X days, respectively). The cumulated

activity for the directly labeled F(ab')2 was found to be in the
same range (105 Â±7 MBq X days). When the labeled
bivalent hapten was injected alone, its rapid renal clearance
accounted for a much smaller cumulated activity (8.8 Â±0.6
MBq X days).

RIT Side Effects
Mice Treated with the AES. For mice treated with an

average activity of 3.8 MBq/g, treatment-related lethality
depended on the pretargeting time (Table 1). In the 15/3.8
group, 50% of the animals died of hematologic toxicity
between days 12 and 17 after treatment. Increasing the
pretargeting time significantly reduced lethality; no death
was recorded in the 48/3.7 group. All surviving animals in
the 15/3.8 group presented with petechiae at 2 wk and thus
were not assessed for hematology. In all other groups, the
WBCs and platelets nadir was observed at 1 or 2 wk after
treatment. WBC and platelet counts at the nadir were
significantly lower (P < 0.01) in the 20/3.8 group compared
with the 48/3.7 group. When comparing mice treated after
30- and 48-h pretargeting time, only platelet counts at the
nadir were significantly different (P < 0.01, Table 1). For the
20-h time, the maximum tolerated dose (MiD), defined as
the highest possible dose resulting in no treatment-related
animal deaths, was 3.4 MBq/g or 96 MBq (Table 1). WBCs
and platelets at the nadir did not significantly differ for the
various activities administered (20/2.9, 20/3.4, and 20/3.8
groups). Interestingly, the treatment with 2.9 MBq/g at 20 h
was significantly more myelosuppressive than was 3.7
MBq/g at 48 h (P < 0.01 for WBC and platelet counts at the
nadir).

Body weight loss was not significantly different among all
AES-treated groups. However, mice recovered their initial
weight significantly more rapidly if they were treated with a
low activity or if the pretargeting time was extended (20/2.9
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(%)AES
20/2.9
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(%)F(ab')2AEScontrolAssessable

animals(n) 581212111079Tumor
disappearance(n)13171200Tumor
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(d) â€”â€”50â€”1 371 97and161â€”16448 Â±13416 Â±7@Cured
animals(n) 2/5 (40)4/8 (50)1/12 (8)7/12 (58)1/11 (9)4/10(40)NoneNone*Shnnkage

to <50%of initialvolume.tStabiliza@on
betweenhalfandtwicemitialvolume.jMean

Â±SD.

versus 20/3.8, P < 0.01; 20/3.8 versus 48/3.7, P < 0.05;
Table 1).

The effect of AES nonspecific irradiation was tentatively
assessed by injecting the same number of anti-CEA and
anti-DTPA-In binding sites but carried by 2 distinct Bs
F(ab')2, followed 15 h later by 3.6 MBq/g bivalent hapten
(AES control). Lethality and toxicity in this group were
lower compared with mice injected with the F6â€”734
BsF(ab')2 under similar conditions (Table 1, 15/3.8 group).
This is a consequence of the more rapid clearance of the
G7A5â€”734BsF(ab')2 compared with the F6â€”734BsF(ab')2
(data not shown). For mice injected only with the labeled
bivalent hapten (3.5 MBq/g), WBC and platelet counts
remained normal and body weight loss did not differ from
that of untreated mice (Table 1).

Mice Treated with â€˜311-LabeledF(ab')2. Treatment with
2.7 MBq/g F6 F(ab')2 fragment was above the MTD; 2 mice
died of hematologic toxicity between days 7 and 13 after
treatment (Table 1). It is noteworthy that mice treated with
the F(ab')2 (but not with the AES reagents) needed to have
their thyroid blocked; otherwise dramatic lethality was
observed. The hematologic toxicity induced by the F(ab')2,
as measured on surviving mice, was equivalent to most AES
treatments, with the exception of the 20/3.4 and 20/3.8
groups (P < 0.05 for platelets, Table 1). Mice treated with
the F(ab')2 lost significantly less weight compared with any
AES-treated mice (P < 0.01).

Tumor Growth Control
Mice Treated with the AES. Treatment with any of the

AES protocols resulted in substantial control of the tumor
growth. Nonspecific irradiation (AES control) induced a GD
of 16 d (Table 2). For mice treated with the specific reagents,
the level of tumor growth control depended on the pretarget
ing time and the injected activity (Table 2). No tumor relapse
was observed with the 15-h preta.rgetingtime (Fig. 1A, Table
2). In the 30/3.9 group, 1 tumor was probably progressing
when the mouse died of infection (Fig. 1B). As the
pretargeting time was lengthened to 48 h, all tumors except 2
relapsed (GD, 82 Â±26 d; Table 2, Fig. 1C). For the 20-h

pretargeting time, 2 tumors relapsed at the lowest activity
dose (2.9 MBq/g, GD of 161 and 197 d), 1 relapsed at the
highest activity (3.9 MBq/g, GD 164 d), and none relapsed
at the intermediate activity (Figs. 2Aâ€”C,Table 2). When
compared with untreated tumors, the doubling time of
relapsing tumors was significantly longer (7.6 Â± 3.0 d
versus 3.6 Â±1.0 d, P < 0.01).

Mice Treated with â€˜311-LabeledF(ab')2. All tumors of
mice treated with F6 F(ab')2 relapsed, with a mean GD
significantly shorter (P < 0.01) than that of the AES 48/3.7
group (Table 2, Fig. 3A).

Health Status of Surviving Treated Animals
Surviving mice (i.e., AES-treated mice) were killed 8 mo

after treatment. At that time, all animals had gained in body
weight (mean body weight, 31.5 Â±3.4 g). Renal and liver
functions were assessed by clinical chemistry analysis.
Serum samples were analyzed for urea, creatinine, glutamic
oxaloacetic transaminase (GOT), glutamic pyruvic transami
nase (GPT), alkaline phosphatase, and bilirubin. Mice from
the AES 48/3.7 group had elevated GOT but did not have
elevated GPT, suggesting muscular stress at the time of
killing rather than altered liver functions. In the AES 30/3.9
group, both urea and creatinine values were elevated with
respect to normal values (urea, 0.73 Â±0. 15 gIL versus
0.55 Â±0.1 g/L , P 0.02; creatinine, 5.1 Â±1.6 mgfL versus
3.7 Â±0.5 mgfL, P 0.07). This possible alteration of the
glomerular filtration, although moderate, was not observed
in the AES 20/3.8 group treated with the same level of
activity. Mice from the other groups had chemistry values
within the normal range.

AnatomopathologicExamination
Neither micrometastasis nor radioinduced lesions were

detected in any of the organs sampled. However, microab
scesses were found in some liver sections; hyperplasia was
found in some spleen, kidney, and colon samples; and some
lung samples were inflammatory. These observations may
be related to a lack of asepsis during the 8-mo survey of the
immunodeficient mice. On microscopic examination, regrow

TABLE 2
Efficiency of RIT
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CEA labeling was exclusively cytoplasmic. In regrowing
tumors, Ki-67 antigen immunostaining was intense, show
ing actively cycling cells, whereas the staining was negative
in all but 1 of the stabilized nodules.

Cure Rates
Mice were considered cured if the tumor had completely

disappeared or if the residual nodule was found tumor free
by histologic examination and no metastatic site was found
macroscopically at dissection or by histologic examination

of liver, spleen, and lungs. Under those criteria, the overall
cure rate ofAES RIT was 33%, and cure rates for individual
groups ranged from 8% to 58% (Table 2).

FIGURE 2. AES RIT with various activitiesof 131l-iabeled
bivalenthapten.MicewereinjectedwithBsF(ab')2and20hlater
with mean activities of 2.9, 3.4, and 3.8 MBq/g. (A) AES 20/2.9
group.(B)AES 20/3.4group.(C)AES 20/3.8group.Treatedmice
= â€”; untreated mice = - - -; death of mouse (V).
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FIGURE 1. Comparisonof AES RIT for variouspretargeting
delays. Ratioof current tumor volumeto tumor volumeat time of
treatment for indMdual mice is shown. Mice were injected with
almostconstantactivityof 131l-labeledbivalenthaptenat selected
time intervalsafter administrationof B5F(ab')2by various pretar
geting delays. (A) 15 h, AES 15/3.8 group. (B) 30 h, AES 30/3.9
group.(C)48 h,AES48/3.7group.Treatedmice = â€”; untreated
mice = - - -; deathof mouse(Y).

ing tumors (e.g., from the AES 48/3.7 group) were found
similar to untreated tumors. Neoplastic cells were small and
very undifferentiated with numerous mitotic figures (Figs.
4A and B). By contrast, the morphology of neoplastic cells
from residual nodules in mice with stabilized tumors was
different (Figs. 4C and D). Cells had multilobular nuclei,
numerous mucous vacuoles in the cytoplasm, and a low
nucleus-to-cytoplasm ratio. No mitoses were seen. More
over, some clusters presented with glandular lumen, suggest
ing a more differentiated status. CEA was mainly expressed
at the cell membrane in regrowing and untreated tumors, as
well as in 42% of the residual nodules. In the other 58%,
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proliferation state. These histopathologic changes are consis
tent with previously described changes in tissues exposed to
high-dose radiation (20). The treatment efficiency and
related toxicity ofAES RIT were modulated by the pretarget
ing time. The labeled bivalent hapten was highly myelosup
pressive when injected 15 h after BsF(ab')2 but was well
tolerated when injected at 20 h. Increasing the pretargeting
time to 48 h and keeping the treatment activity constant
resulted in a lower tumor growth control, although still more
potent than the treatment with 131I-labeled IgG (21) and
F(ab')2.

In the LS174T model, tumor relapse has been reported
50â€”6/0d after treatment with â€˜311-labeledIgG (22â€”24),and
treatment with 2 injections of 55.5 MBq â€˜311-labeledF(ab')2
has been reported to induce a GD of 40 d (24). Our data
relative to the efficiency and toxicity of â€˜311-labeledIgG (21)
and F(ab')2 are in good agreement with these results.
Attempts to improve the therapeutic outcome have been
made by experimentally combining RIT with radiotherapy
(24), chemotherapy (25), or other modalities such as tumor

blood flow-modifying agents (23). RIT with second
generation high-affinity labeled antibodies (26) (K@lower
than 0.1 nmol/L) targeting the more highly expressed
antigen TAG-72 (27) has also been considered. When
compared with all of these strategies, AES RIT achieved
higher cure rates.

With the AES, increasing the pretargeting time signifi
cantly reduced the cumulated activity in the whole body.
These results confirmed our original biodistribution studies
with 48-h pretargeting time showing a better selectivity as a
consequence of the reduced amount of circulating bivalent
hapten associated with BsF(ab')2 (12). Thus, increasing the
pretargeting time significantly reduced myelotoxicity, which
depends on the level of circulating activity. However, the
body weight loss was more pronounced and extended after
AES treatment (even for the 48-h pretargeting time in the
48/3.7 group) compared with F(ab')2, despite the fact that
cumulated activity was slightly lower. We suggest that the
stability of the labeling of the bivalent hapten, an advantage
with respect to tumor irradiation, may account for low but

. long-lasting normal tissue irradiation. On the other hand, the

labeled F(ab')2 was more rapidly dehalogenated as assessed
by the faster whole-body activity clearance and the require
ment for thyroid saturation before treatment.

Biodistributions with the ABS reagents have shown a
rapid renal excretion of the excess of bivalent hapten and a
significant uptake in the kidneys at late time points when
compared with F(ab')2 (0.31 Â±0.09 versus 0.06 Â±0.02
percentage injected dose/g at 4 d) (12). No radioinduced
lesions were identified by anatomopathologic examination
of the kidneys at the end of the 8-mo follow-up period. Signs
of a possible mild renal toxicity were observed only for mice
from the AES 30/3.9 group. This was not observed in the
AES 20/3.8 group treated with the same level of activity.
Several experimental studies have shown that the administra
tion of positively charged amino acids (e.g., lysine) could
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FIGURE3. AlT with 131I-Iabeledanti-CEAF(ab')2and nonspe
cific AES RIT.(A) Treatmentwith 3.8 MBq/g131I-IabeledF(ab')2.
(B)AES control group. Mice were injectedwith molar mixtureof
anti-CEAand anti-DTPA-lnB5F(ab')2and 15 h later with mean
activity of3.6 MBq/g 131l-labeledbivalent hapten. Treated mice =
â€”; untreated mice = - - -; death of mouse (Y).

DISCUSSION

Previous biodistribution studies (12) in the LS174T tumor
model have shown that the saturation of the tumor was
obtained by injecting 5 nmol (500 jig) BsF(ab')2 and that the
pretargeted BsF(ab')2 was saturated by the injection of 0.5
mol bivalent hapten per mol antibody. â€˜@â€˜Idosimetry calcula
tion based on biodistribution data obtained for 1 nmol
BsF(ab')2, 20-h pretargeting time, and 0.5 nmol â€˜@I-labeled
bivalent hapten predicted the delivery of 32 Â±16 Gy to the
tumor. However, it is commonly accepted that doses in the
60- to 90-Gy range should be delivered to solid tumors to
achieve antitumor activity (19). Thus, to deliver sufficient
radiation doses with the ABS reagents to the tumor,
BsF(ab')2 and bivalent hapten administered amounts were
increased 3-fold (3 and 1.5 nmol, respectively) in these RIT
experiments.

The results reported here clearly show substantial tumor
growth control over a period of 8 mo and a 33% cure rate
after a single injection of â€˜31I-labeledbivalent hapten
administered 20 h after anti-CEA X anti-hapten BsF(ab')2.
Interestingly, after irradiation, tumor cells found in stabi
lized nodules had moved from an undifferentiated and
highly proliferative status to a more differentiated and low
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FIGURE4. ImmunohistochemistryofLS174TxenograftsafterAESAlT.Tumorsectionswereimmunostainedwithanti-CEA(Aand
C) andanti-Ki-67antibodies(Band D). (Aand B) RegrowingtumorfromAES48/3.7group.(Cand D) Residualnodulefrom mousewith
stabilizedtumorfrom AES 15/3.8group.Bar = 25 pm.

CONCLUSION

These clinical results suggest, in addition to the therapeu
tic efficiency of AES RI'!' in this experimental model, that
treatments with activities in the range of those already used
with conventional RIT in solid tumors (4,6,31,32) should
achieve significant antitumor effects in patients.
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