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or the treatment of metastatic lesions of malignant
tumors, various therapies such as surgery, chemotherapy,
radiotherapy and hormone therapy have been tried, but they

remain oflimited value (1,2). Radioimmunotherapy (RIT) is
theoretically an appropriate method for treating metastases,
because cancer-specific antibodies can selectively deliver
cytotoxic radioisotopes to the widespread metastatic foci,
even if they are invisible, exerting a direct irradiation effect
on tumor cells with minimal damage to normal tissues.

Although the RIT of malignant lymphomas has been
shown to be a promising mode of therapy, RIT of more
common solid cancers has not been effective enough. In
contrast to hematological malignancies, which are highly
radiosensitiveand in which the antigenis readily accessible
to a blood-borne antibody, solid tumors are rather radioresis
tant and their macromolecule accessibility is poor (1,2),
especially when the tumors have grown large. Previous
experimental lilT trials were performed against large tu
mors, and have shown only transient remission, even with
the administration of the maximal tolerated dose (3). A
reduction of severe bone marrow toxicity was produced by
repeated administration of radiolabeled antibody (4), but
was still insufficient. Small tumors, in contrast, are expected
to show a higher and more homogeneous radioactivity
uptake (5â€”7),and recent RIT trials for such small tumors
have presented encouraging results (8,9). Because high
tumor uptake with high tumor-to-normal tissue ratios and a
homogeneous accumulation of radiolabels in the tumors are
essential for the RIT to be successful, small metastatic
lesions would seemto be the optimal candidate for RIT.

The biodistributionand intratumoraldistribution of radiolabeled
anticarcinoembryonic antigen (CEA) monoclonal antibody in
experimental liver metastases and the therapeutic effect of
131l-Iabeledanti-CEAantibody on the metastaseswere studied.
Methods:Threeweeksafteran intrasplenicinjectionof human
colon cancer cells, mice received an intravenous injection of 125l
or 1111n-Iabeledanti-CEAantibody F33â€”104.The biodistnbution
and tumor penetrationof radiolabeledantibody were examined
by usingquantitativeautoradiography.Toevaluatethe therapeu
tic effect, 5.55, 9.25 or 11.1 MBq (150, 250 or 300 pCi)
131I-labeledF33â€”104were injected into groups of mice that had
micrometastases smaller than 1 mm. Control groups were
injected with phosphate-bufferedsaline or 1311-Iabeledcontrol
antibody.Micewere killed3 wk later to determinethe size of liver
metastases.Results: 125l-labeledF33â€”104 showeda highaccu
mulationin the livermetastases(percentageof injecteddose per
gram of metastases [%ID/g] >24%, metastasis-to-liver ratio
>9.8, metastasis-to-blood ratio >2.1); however, its accumulation
was heterogeneousor peripheralin the nodulesmorethan 1 mm
in diameter. When the antibody dose was increased, antibody
penetrationwas improved,but tumor uptakeof radioactivityand
specificity ratios decreased. In mice with large metastases,
radioactivity in the normal tissue was lower than that in mice with
small metastases, resulting in higher metastasis-to-background
ratios. 1111n-labeledantibody showed even higher tumor uptake
than 1251-labeledantibody (>51 %ID/g). Metastases formation
was suppressed in a dose-dependent manner by 1311-labeled
F33â€”104 injection (5 of 8 mice had no macroscopic tumor after
an injection of 5.55 MBq (150 pCi), and all mice had no visible
metastasis after an injection of 9.25 or 11.1 MBq [250 or 300
pCi]),whereastumorprogressionwasseen in the controlgroups.
ConclusIon: Liver metastaseshad easy accessibilityto the
antibody. Micrometastases of less than 0.5 mm in diameter
showed homogeneousintratumoraldistribution of injected anti
body and were successfully treated with 131l-labeled antibody.
Very high uptake and satisfactory metastasis-to-liver ratios with
111ln-labeledantibody suggest that the use of a radiometal
with high @3-energy,such as @Â°Yor lanRe, is preferable for
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The liver metastasis model of mice, established by
injecting tumor cells into spleen or cecum (10â€”12),is closer
to the clinical situation than the usual subcutaneous tumor
model. Vogel et al. (13) recently reported favorable biodistri
bution properties of small liver metastasis (high tumor
uptake, easy antibody accessibility), but the biodistribution
of radiolabeled antibody in the metastasis was heteroge
neous (13). In this study, the biodistribution and spacial
distribution of a radiolabeled anticancer monoclonal anti
body (MoAb) in the experimental liver metastasis were
evaluated, focusing on the effects of the antibody dose and
tumor size on the biodistribution and intratumoral microdis
tribution of the radiolabels. In addition, the short-term
therapeutic effect of an intravenously injected â€˜311-labeled
MoAb was examined in a micrometastasis model.

MATERIALS AND METHODS

Cell Lines
The carcinoembryonic antigen (CEA)-expressing human colorec

tal carcinomacell linesLS174TandLS18Owereobtainedfrom the
American Type Culture Collection (Rockville, MD). Cells were
grown in RPMI 1640 medium (Nissui Pharmaceutical Co., Tokyo,
Japan)supplementedwith 10%fetal calfserum(GIBCO Laborato
ries, Grand Island, NY) and 0.03% L-glutamine, in a 5% CO2
environment. Subconfluent cells were detached with calcium- and
magnesium-freephosphate-bufferedsaline(PBS)containing0.02%
ethylenediaminetetraaceticacid (EDTA) with or without 0.05%
trypsin, and then used for the in vitro and in vivo studies.

Liver Metastases Model
Female BALB/c nu/nu mice were anesthetized with ether

inhalation, and the spleenwas exteriorized through a short left
subcostal incision. A single-cell suspension of 3 X l0@LS174T
cells in 50 l.tl.@serum-free R.PMI 1640 medium was slowly injected
into the spleenthougha 27-gaugeneedle,followed 2 mm laterby
splenectomy. The left subcostal incision was closed with metal
clips (14).

Monoclonal Antibodies
The murine IgG@MoAbâ€”designatedF33â€”l04recognizesthe

CEA-specificproteinaceouspartofthe CEA molecule(15,16).The
MoAb 56C, which is also a murine IgG1 recognizing human
chorionic gonadotropin, was used as an isotype-matched control
antibody. The antibodies were purified from the ascitic fluid of
hybridoma-bearingmice, with protein A affinity chromatography
(Bio-Rad,Richmond,CA).

Radlolabeling
Antibodies were radioiodinatedwith the chloramine-Tmethod

(17). Fifty microgramsof purified antibody in 200 i.iL 0.3 molIL
phosphatebuffer, pH 7.5, and 11.1 MBq (300 pCi) @-@I(Du Pont,
Wilmington, DE) were mixed with 2.5 pg chloramine-T (Nacalai
Tesque, Kyoto, Japan), dissolved in 0.3 mollL phosphate buffer.
After 5 mm, radiolabeledantibodieswereseparatedfrom the free
iodinethoughPD-l0 gelchromatography(PharmaciaLKB Biotech
nology, Uppsala, Sweden). The specific activities of â€œ-â€˜I-labeled
antibodies ranged from 79.6â€”167.2MBq/mg (2.2â€”4.5mCi/mg).
Antibodieswerealsoâ€˜311-labeledby thechloramine-Tmethod.

F33â€”l04antibody was also labeled with â€œInby using l-(4-
isothiocyanatobenzyl)ethylenediamine-N,N,N',N'-tetraaceticacid

(SCN-Bz-EDTA; Dojindo Co., Kumamoto, Japan)as a bifunc
tional chelating agent, according to the method of Brechbiel et al.
(18) andEstebanet al. (19) with somemodifications(20). Briefly,
antibody solutions (11 mg/mL) in 0.05 mol/L borate-buffered
saline, pH 8.5, were mixed with SCN-Bz-EDTA dissolved in
dimethylforinamide with the mixing molar ratio of 1:5 and
incubatedovernight at 30Â°C.The unconjugatedSCN-Bz-EDTA
was removed by applying the mixture to the PD-lO gel chromatog
raphy with 20 mmoLIL 2 N-morpholino ethanesulfolic acid
bufferedsaline(MES), pH 6.0, asaneluant.The conjugationratio
of the antibodywascalculatedto be 1.58.Conjugatedantibodies
(200 pg/lOO pL in MES) were mixed with 13.6 MBq (367.6 jiCi)
â€œIn-labeledacetate,which was preparedby adding 40 pL 1.75
mol/L HCI and 160 pL 1 mol/L sodium acetate to 200 @L
â€œIn-labeledchloride (Nihon Mediphysics, Nishinomiya, Japan).
Thelabelingefficiencywasmorethan99%.

The immunoreactivitiesof â€œâ€”â€˜I-,â€˜@â€˜I-and â€˜â€˜â€˜In-labeledantibod
ies were measured using LS180 cells according to the method of
Lindmo et al. (21) and were always more than 68% for each
preparation.Radiolabeled56C showed no specific binding to
LS18Ocells.

BIodistributlon Study
Three weeks after the intrasplenic injection of LS174T cells, the

mice received an intravenousinjection of â€œ-â€˜I-labeledF33â€”l04
antibody (148 kBq [4 jiCil/lO or 100 @g)or â€œIn-labeledMoAb
(148 kBq [4 jiCil/lO jig). Ten micrograms of antibody corresponds

to the dose necessary to saturate the binding site of a 0. l-g tumor,
and 100-pg of antibody to a l-g tumor. The mice were killed 24,48
or 96 h postinjectionby ether inhalation.Livers with metastases
wereremovedandquickly frozen in OCT compound(TissueTee;
Miles Inc., Elkhart, IN) from which 15-jim thick sectionswere
made and processedfor quantitative autoradiography (QAR) study.
Blood and variousorganswere removedand weighed,and their
radioactivitycountsweredetermined.Thepercentagesof injected
dose per gram of tissue (%IDIg) were determined by QAR for the
liver and liver tumorsand by direct tissuecounting for the other
organs,and were normalized to a 20-g mouse. Metastases-to
normal tissue ratios of radioactivity were also calculated. All
animalexperimentswereperformedin accordancewith the Japa
neseregulationsregardinganimalcareandhandling.

Quantitative Autoradlography
The uptakeand penetrationof radiolabeledantibody into the

metastatic nodules were evaluated with QAR. Dried 15-pm frozen
sectionsof the liver with metastaseswere placedin a light-tight
cassette along with 125I@or@ â€˜â€˜In-calibratedstandards in direct
contactwith KodakX-OMAT XAR film (EastmanKodak,Roches
ter,NY). â€˜DI-and â€œIn-calibratedstandardswere preparedas desciibed
previously (22).After 4-6 d ofexposure at mom temperature,the films
wereprocessedthmughanautomaticdeveloper.

The autoradiographicimagesweredigitized with a videodensi
tometry system (EXCEL TVIP-4l00; Nippon Avionics, Tokyo,
Japan).Standardcurveswere obtainedfrom the optical densities
measuredon the standards.Then, regionsof interestwere drawn
overeachmetastaticnoduleandoveranormalliver by referringto
the hematoxylin and eosin staining of the same section. The optical
densities of these regions were converted to radioactivity per gram
by usingthestandardcurve.The backgroundof the film itself was
subtracted.

Theautoradiographicpatternof microdistributionof theradiola
bel was analyzed visually and also analyzed by semiquantitative
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Smalltumor*LargetumortlOpg

lOOpg10pg100pg24

h (n= 6) 96h (n= 5) 24h (n= 5) 96h (n= 6)24 h (n = 3)96 h (n = 3)24 h (n = 5)96 h (n =6)%lD/g@Blood

11.72Â±1.74 7.42 Â±2.55 13.22Â±1.45 6.28 Â±3.243.27 Â±0.780.35 Â±0.195.73 Â±3.172.14 Â±2.13Kidney
3.25 Â±0.64 2.21 Â±0.87 3.74Â±0.28 1.77 Â±0.941 .46 Â±0.190.19 Â±0.062.06 Â±1.050.67 Â±0.53Lung
4.85 Â±0.66 3.19 Â±1.25 5.21 Â±0.90 2.65 Â±1.531.83 Â±0.300.23 Â±0.122.68 Â±1.541.02 Â±0.82Muscle
1.23Â±0.33 0.71 Â±0.38 1.15Â±0.17 0.63 Â±0.350.64 Â±0.150.07 Â±0.040.64 Â±0.230.30 Â±0.19Bone
1.57 Â±0.52 0.90 Â±0.53 1.78 Â±0.37 0.79 Â±0.620.83 Â±0.180.09 Â±0.030.89 Â±0.490.33 Â±0.25Liver
2.62 Â±0.62 1.65 Â±0.39 2.68 Â±0.97 1.69 Â±0.382.05 Â±0.341 .24 Â±0.582.79 Â±1.631 .22 Â±0.64Tumor

24.43Â±5.59 27.31Â±10.24 15.32Â±3.19 12.80Â±4.6030.75 Â±10.7312.30 Â±3.6423.21 Â±4.9813.38 Â±6.47Tumor-to-nontumor
ratiotBlood

2.12 Â±0.56 4.03 Â±2.27 1.15 Â±0.13 2.23 Â±0.5110.31 Â±5.9838.07 Â±8.368.54 Â±11.8616.69 Â±18.18Kidney
7.77 Â±2.19 13.81Â±8.26 4.08 Â±0.60 7.92 Â±1.7221.91 Â±10.7266.02 Â±3.6017.63 Â±18.7732.13 Â±24.08Lung
5.10 Â±1.16 9.58 Â±5.97 2.93 Â±0.18 5.42 Â±1.3117.77 Â±9.4958.40 Â±13.4014.47 Â±16.2121.47 Â±16.56Muscle

20.69 Â±5.89 48.31 Â±38.38 13.32 Â±1.60 22.35 Â±5.0451.81 Â±29.59180.17 Â±41.7744.78 Â±32.3256.15 Â±26.53Bone
16.98Â±6.71 40.19Â±33.92 8.84 Â±2.09 22.25Â±9.6739.20 Â±20.83134.78 Â±46.1840.38 Â±41.7569.97 Â±61.15Liver
9.83 Â±3.11 17.55Â±8.66 5.92Â±0.81 7.44Â±1.4315.90 Â±8.5112.98 Â±10.049.86 Â±3.5911.40 Â±2.48*Leas

than2 mmindiameter.tMore
than40%ofliver surfacewithorwithoutbloodyascites.tResults

given as mean Â±SD.

grafting of LS174T cells, mice (n = 8) receivedan intravenous
injection of5.55 or 11.1MBq (150or 300 @iCi,26 jig) â€˜311-labeled
F33â€”l04. The control group of mice received PBS instead of
â€˜31I-labeledantibody.In the secondexperiment,9.25 MBq (250
pCi, 26 jig) â€˜311-labeledF33.-104 or â€˜311-labeledcontrol 56C
antibody or PBS was injected intravenously (n = 6). Mice in both
series were killed 3 wk after the intravenous injection (i.e., 4 wk
after the intrasplenictumor grafting) to examinethe formation of
liver metastases.In both experiments,another group of mice
receivedanintravenousinjectionof â€˜251-labeledF33â€”104andwere
killed 1 or 2 d later to check the formation of metastasisand to
confirm the localizationof radiolabeledF33â€”l04in themetastatic
nodules. The results of the radioimmunotherapy were analyzed by
Mann-Whitney test with Bonferroni correction. Analyses were
performedwith agradingofthe metastasis:smalltumor,intermedi
atetumor, largetumor (the samegradingas in the biodistribution
study)andnonvisibletumor.A correctedprobability valueof less
than 0.05 was considered significant.

RESULTS
Experimental Liver Metastases

After injection of 3 X l0@ cancer cells, all the mice
developed multiple liver metastases of varying sizes. The
expression of CEA in each metastasiswas diffuse, except for
the necrotic parts in larger nodules, as shown by immunohis
tochemical staining with anti-CEA antibody as a primary
antibody (Fig. 1).

Biodistributlonof ias1@and1â€•ln-labeledF33â€”104
The biodistribution data of â€œ-SI-labeledF33â€”104in nude

mice with liver metastases are summarized in Table 1.
Because the size of the metastatic nodules and the total
amount of metastases varied among the mice studied, the

A

morphometrical analysis. The patterns of radioactivity distribution
observedweredivided into threecategories:marginal,radioactiv
ity found only at the nodular margin; diffuse heterogeneous,
radioactivity found throughout the nodule but distributed very
heterogeneously; and diffuse homogeneous, radioactivity found
throughoutthe noduleanddistributedmorehomogeneously.Each
nodule was classified according to its diameter and to the radioac
tivity distribution pattern.

Radlolmmunotherapy
Two seriesof the MT experimentwere performedfor small

micrometastases. In the first experiment, 7 d after the intrasplenic

FIGURE1. Immunohistochemical(A) and hematoxylinand
eosin staining (B) of liver with metastases3 wk after intrasplenic
injection of cancer cells. Immunohistochemicalstaining shows
diffuse expressionof CEA in each metastatic nodule of varying
size, except for necrotic areas seen in upper part of largest
nodule(*) Originalmagnification2.5x. Bar indicates1 mm.

TABLE1
Biodistribution of â€˜251-labeledMurine lgG1Monoclonal Antibody F33-104 in Liver Metastases Model of Nude Mouse
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IntratumoralDistributionof RadiolabeledF33â€”104
The spatial distribution of WI-labeled F33â€”104was

determinedby autoradiography.Representativeimages are
shown in Figure 2.

When low-dose (10 j.ig) â€œ-â€˜I-labeledF33â€”104was adniin
istered, the radioactivity was localized in the periphery of
each metastatic nodule at 24 h (Fig. 2A). Even at 96 h,
penetration of the antibody was not sufficient in the rela
tively larger metastatic nodules (Fig. 2B). When the dose of
the antibody was increased (100@ penetration of the
antibody was improved, especially at 96 h (Fig. 2C, D).
However, the grain density was lower in accordancewith the
decreased radioactivity uptake in the metastatic lesions
(Table 1). Examples of the three categories of intratumoral
radioactivitydistributionpattern,diffusehomogeneous,dii
fuse heterogeneous and marginal, are indicated (Fig. 2, aâ€”c).

These qualitative findings of the @I-1abe1edF33â€”104
microdistribution are substantiated by semiquantitative mor
phometric analysis, as shown in Table 3. In the metastatic
nodules larger than 1 mm in diameter, the distribution of
low-dose antibody was marginal in most nodules at 24 h;
even at 96 h, only half of the nodules showed the diffuse

I
FIGURE2. Autoradiography(A1â€”01)and hematoxyiinand
eosinstaining(A@â€”D2)ofliver with metastasesobtained24 (A, C)
and 96 h (B, D) after injectionof 10 pg (A, B) and 100 pg (C, D)
1311-IabeledF33â€”104.Examples of three categories of intratu
moral radioactivitydistributionpattern are shown: diffuse homo
geneous(a),diffuseheterogeneous(b)and marginal(c).Original
magnification2.5x. Bars indicate1 mm.

mice were divided into three groups according to the grade
of metastasis: small tumor, multiple small metastases less
than 2 mm in diameter; large tumor, metastases have become
larger and confluent to occupy more than 40% of the surface
of the liver; and intermediate tumor, between a small tumor
and large tumor. To make the comparison easier, data from
the small tumor and large tumor groupswere compared.A
comparison was also made between low-dose (10 gig) and
high-dose (100 pg) injection groups.

After the injection of 10 j.ig â€œ-â€˜I-labeledF33â€”104into
mice with small metastases, tumor uptake was as high as
24.4% at 24 h, and this high uptake was maintained at 96 h
after injection. The blood and normal tissue uptakes de
creased with time, resulting in tumor-to-blood ratio in
creases from 2.1 at 24 h to 4.0 at 96 h and tumor-to-liver
ratio increasesfrom 9.8 at 24 h to 17.6 at 96 h after injection.
When a high dose (100 pig) of antibody was injected, the
tumor uptake of radioactivity significantly decreased,result
ing in lower tumor-to-blood and tumor-to-normal tissue
ratios compared with the low-dose groups.

In the mice with large metastases,blood clearanceof the
antibody was much faster than that observed in the mice
with small metastases. A high 30.8% tumor uptake at 24 h
suggested that the antibody was easily accessible to the
metastatic nodules in the liver, and a large amount of
antibody was rapidly taken up by the metastases.The faster
blood clearance may also be due to the higher complexing of
circulating antibody with CEA moleculesshed from large
tumors and rapid elimination of complexes through the
reticuloendotheial system.

â€˜DIn-labeledF33â€”104showed much higher tumor uptake
than â€˜@I-labe1edantibody at every time point and also a
gradual increase up to 92.1% at 96 h postinjection, with a
tumor-to-blood ratio of 9.9 (Table 2). The tumor-to-liver
ratio also remained high (5.2 at 24 h and 8.9 at 96 h).

TABLE2
Biodistnbution of 1â€•I-labeledF33-104 in Nude Mice

24 h(n = 3) 48h(n = 6) 96h(n = 6)

%ID/g*
Blood 15.88Â±1.37
Kidney 5.69 Â±0.07
Lung 5.89 Â±0.62
Muscle 1.35Â±0.17
Bone 1.84 Â±0.45
Liver 10.00 Â±0.79
Tumor 51.76 Â±4.39

Tumor-to-nontumorratio*
Blood 3.29 Â±0.54
Kidney 9.10 Â±0.87
Lung 8.90 Â±1.58
Muscle 39.01Â±7.76
Bone 29.43 Â±8.34
Liver 5.18 Â±0.30

*ResultsaregivenasmeanÂ±SD.

Ai

A2

13.41Â±2.03
5.03 Â±0.53
6.29 Â±1.26
1.16Â±0.08
1.79Â±0.15

10.24Â±1.61
55.87 Â±7.75

4.22 Â±0.70
11.13Â±1.30

9.12 Â±1.72

48.27 Â±8.09
31.44 Â±5.47
5.53 Â±0.86

â€œ

9.47 Â±1.48
3.77 Â±0.64
4.45 Â±0.56
0.93 Â±0.16
1.68Â±0.32

10.67Â±2.88
92.06 Â±13.96

9.89 Â±1.91
24.86 Â±4.87
21.00 Â±3.96

102.00Â±24.96
56.74Â±14.15
8.86 Â±1.22
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Tumor Lowdose(10pg)
size
(mm) 24h 96hHigh

dose(100pg)24h96hsO.5A*

73 (36/49)@ 79 (44/56)93 (64/69)92(119/130)Bt
12(6/49) 16(9/56)3 (2/69)8(10/130)C4:
14(7/49) 5 (3/56)4 (3/69)1(1/130)0.5â€”1.0A

12(6/52) 28 (12/43)42 (31,73)68(86/127)B
29 (15/52) 37 (16/43)42 (31173)28 (35/127)C
60 (31/52) 35 (15/43)15 (11/73)5(6/127)1.0â€”2.0A

0 (0/34) 13(3/23)33 (19/57)41(39/94)B
12 (4/34) 30 (7/23)30 (17/57)45(42/94)C
88 (30/34) 57 (13/23)37 (21/57)14(13/94)2.0<A

0 (0/12) 20 (4/20)6(2/36)20(6/30)B
8 (9/12) 30 (6/20)47 (17/36)73(22/30)C

92 (11/12) 50 (10/20)47(17/36)7(2/30)*Dfffuse

homogeneous.tDiffuse
heterogeneous.@MarginaI.Â§%

(nodules/nodulesineachsize).

TABLE3
Semiquantitative Analysis of the Intratumoral Biodistribution

of 125l-IabeledF33-104

autoradiography shows that the injected â€˜25I-labeledF33â€”
104 localized well and was homogeneously distributed
within each nodule (Fig. 3B). Table 4 summarizes the results
of the RIT experiment. In both experiments, when PBS was
injected, all the mice had visible metastases at the time of
death, and 11 of these 14 control mice showed massive
metastaseswith bloody ascites. Four mice died before they
could be killed. â€˜3'I-labeledF33â€”104showed a therapeutic
effect in a dose-dependent manner. After the injection of

9.25 and 11.1 MBq (250 and300 @.tCi)â€˜3'I-labeledantibody,
no mouse had visible metastasis in the liver. After the
administration of5.5 MBq (150 pCi) antibody, however, 3 of
8 mice had small metastatic nodules. Mice that had received
â€˜3'I-labeled56C control antibody presented various grades
of metastases, although the grades were less than those of
the control (PBS) group. Statistical analysis showed signifi
cant therapeutic effect of anti-CEA antibody compared with
control (PBS) or control antibody.

DISCUSSION

RIT is theoretically an appropriate method of cancer
treatment, because radiolabeled antibodies that bind to the
antigen on the cancer cells can directly irradiate tumor cells
with minimal irradiation to the normal tissue. For the
successof RIT, not only a high tumor uptake and high
tumor-to-normal tissue ratios but also a homogeneous
accumulation of radiolabels in the tumor are important. It is
known, however, that the tumor penetration of radiolabeled
antibodies is poor, especially when tumors are large, result
ing in an insufficient irradiation of tumor cells far from
blood vessels.Various factors are known to affect negatively
the penetration of the radiolabeled antibody: poor and
heterogeneous vascularization, increased interstitial pres

â€˜.@

@- %,:_i@@ :@â€œ
@ . -

FIGURE3. immunohistochemicalstaining(A)andautoradio
gram (B) of liver with metastasesobtained2 d after intravenous
injectionof 1251-iabeledF33â€”104, which was administeredat the
same time as 1311-labeledantibody injection of RIT. Multiple
metastasesofseveral hundredmicronsin diameterare seenwith
good and homogeneous accumulation of 1251-labeledantibody.
Originalmagnification2.5x. Bar indicates1 mm.

pattern and less than 20% presented the homogeneous
pattern of distribution. Smaller nodules (less than 1 mm in
diameter) showed better penetration but very little homoge
neity. When the high dose of antibody was injected, the
penetration of radiolabels was significantly improved, and
most nodules presented the diffuse heterogeneous or diffuse
homogeneous pattern, although the fraction of the nodules
showing the diffuse homogeneous pattern was not high. Of
the nodules less than 0.5 mm in diameter, most showed the
homogeneous pattern even with the low dose of antibody;
however, this may be an overestimation becausenodules cut
off center were included in this group and were regarded as
showing homogeneous distribution.

The intratumoral distribution of â€œIn-labeledF33â€”104
was also studied, and was found to be almost identical to that
of â€œ-â€˜I-labeledF33â€”104(data not shown).

Radioimmunotherapy
In the two series of RJT experiments, the intravenous

injection of â€˜3'I-labeledMoAb was well tolerated by all the
mice.

Figure 3 shows the autoradiography of the liver with
metastases obtained 2 d after intravenous injection of
â€˜251-labeledF33â€”104,which was administered at the same
time as the â€˜3'I-labeledF33â€”104injection of RIT groups. As
shown in Figure 3A, at the time when the â€˜3'I-labeled
antibody was administered for RIT (7 d after intrasplenic
grafting of cancer cells), multiple metastases of several
hundred microns in diameter were formed in the liver. The
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0

*Less than 2 mm in diameter.
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thedeterminationofthe gradeofthe metastases.

sure in the central portion of the tumor and heterogeneity in
antigen expression, among others (23â€”25).Furthermore, the
specific binding of the antibody with the target antigen itself
may retard further penetration of the radiolabeled antibody
(26â€”28).Previous studies have demonstrated that the anti
body uptake of small tumors can be higher than that of larger
tumors (6,7,24,29), and small metastases showed a higher
radiolabel uptake compared with the large primary tumors
(24). Therefore, metastatic nodules are thought to be the best
candidatesforRn' (1).

Experimental liver metastasis models of mice using
human colon cancer have been described in SCID or
syngenic BALB/c nude mice by injecting tumor cells into
the spleen or cecum (10â€”12).A liver metastasis model of
colon cancer is a more clinically relevant setting than a usual
subcutaneous xenograft model. The LS174T cell line used in
this study was derived from a well-differentiated human
colon adenocarcinoma and produces a high amount of CEA.
It is known that liver metastasescan be made with high
frequency by LS174T cells compared with other cell lines
(12). With the injection of 3 X l0@LS174T cells and no
pregrafting treatment, all the treated mice showed multiple
liver metastases of varying size diffusely expressing CEA
antigen, except for the necrotic areas in relatively large

tumors. Metastases formation as high as 100% and diffuse
antigen expression make this model suitable for the study of
lilT with anti-CEA antibody. The spleen was resected after
the cell injection to simulate the clinical setting of small liver
metastasesoccurring after resection of the primary lesion.

The anti-CEA antibody presented a high uptake in the
tumors with a high metastasis-to-normal tissue ratio. The
volume of metastasis significantly affected the biodistribu
tion of radiolabeled F33â€”104.With an increase in the
volume of the metastases, clearance of antibody from blood
and normal tissue was markedly facilitated and the tumor
uptake was less affected, resulting in higher metastasis-to
background ratios. As pointed out by Vogel et al. (13), this
may reflect the good accessibility of the liver metastasis to
blood-borne antibodies. This is expected because the liver
itself is a well-perfused organ and because small metastatic
nodules are well vascularized compared with a large subcu

0 taneous xenograft.
0 â€œIn-labeled F33â€”104 showed a much higher tumor

uptake and a longer retention of radioactivity in metastatic
nodules than did â€œ-â€˜I-labeledF33â€”104.This marked differ
ence in tumor uptake seemsto be due to the difference in the
stability of the radiolabels. â€œIn-chelationwith SCN-Bz
EDTA is quite stable, whereas a radioiodinated antibody
prepared by the chloramine-T method is susceptible to
dehalogenation.

Despite the high accumulation of F33â€”104in tumors, the
autoradiography showed heterogeneous or peripheral local
ization of the low-dose antibody, even in small metastatic
lesions of several millimeters in diameter, probably because
of the binding-site barrier effect (26â€”28).Increasing the
antibody dose overcame this poor penetration somewhat, but
resulted in a decreased radiolabel uptake in the metastases
and decreasedspecificity ratios. Decreased specificity ratios
cause unnecessary normal tissue radiation, including bone
marrow radiation, and make high-dose antibody administra
tion impossible.

Because â€˜@â€˜Iis a therapeutic radioisotope that can cover
only around 1 mm, we selected small 1-wk-old liver
micrometastases of submillimeter diameter as the target of
RIT using â€˜3'I-labeledF33â€”l04.The result of the semiquan
titative morphometric analysis of intratumoral distribution
of â€œ-SI-labeledantibody demonstrated that most of the
nodules less than 0.5 mm in diameter showed the homoge
neous radiolabel accumulation, and this also suggests the
suitability of these micrometastases for RIT. â€˜3'I-labeled
F33â€”104had a dose-dependent inhibitory effect on the liver
metastasis.Although only a short-term effect was examined,
a high dose (more than 9.25 MBq [250 pCi]) of â€˜3'I-labeled
F33â€”l04could effectively control the l-wk-old liver metas
tasis. Tumor-sizeâ€”dependent reduction of effect of a func
tional MT of experimental liver metastasis was reported by
Vogel et al. (30). When JUT was started for a l-wk-old
tumor, suspected to be submillimeter in diameter, the same
as that used in this study, the long-term disease-free survival
of 6 mo was observed for 8 of 13 mice; however, long-term

TABLE4
Therapeutic Effect of 131l-LabeledF33-104 on Liver

Metastases in Nude Mice
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survivors significantly reduced to 2 of 14 for a larger
2-wk-old tumor, and no difference in survival was shown
with a 3-wk-old tumor compared with untreated mice.

The minor effect on the size of the metastases by the
â€˜3'I-labeledcontrol antibody might be the nonspecific effect
of â€˜@â€˜I.Becausethe radioactivity administered was very high
when converted to the radioactivity doses for patients,
further improvement is necessary to reduce the administra
tion radioactivity for clinical application.

Several approaches to overcome these problems have
been considered and tried (31). Antibody fragments pen
etrated deeper into the tumors than did the intact antibody
(32). Because of their very short biologic half-life, these
antibodies have shown high tumor-to-normal tissue ratios,
but on the other hand, the amount of radioactivity accumu
lated in the tumors was generally very low and required a
very high radioactivity administration for therapeutic use
(7,32â€”35). The combination of RIT with other therapeutic

modalities such as external radiotherapy and chemotherapy
has also been tried (30,36), but may increase the risk of
developing bone marrow toxicity in RIT (2). Cytokines to
increase tumor blood flow and vascular permeability, to
increase antigen expression, to suppress angiogenesis or to

protect the bone marrow from irradiation, may be beneficial
(37â€”40).

When poor penetration is inevitable, metal nuclides with
higher @3-energy(i.e., longer effective length) such as
and â€˜88Reare the radioisotopes of choice. The instability and
short physical half-life of a â€˜88Re-labeledantibody is another
problem (41). @Â°Yhas a suitable physical half-life, and a
@Â°Y-labeledantibody prepared with macrocyclic amine was

reported fairly stable in vivo (42). In this study, â€œIn-labeled
F33â€”l04showed a much higher tumor uptake than the
â€˜251-labeledantibody (>5 1 %ID/g). By using SCN-Bz
EDTA as a chelate,the hepaticuptakeof â€œInwas low and
the metastasis-to-liver ratio was high (5. 18 at 24 h and 8.86
at 96 h). These results indicate that @Â°Y-labeledF33â€”104
chelated with macrocyclic amine is promising for the RIT of
metastases of several millimeters in diameter.

CONCLUSION

This investigation showed that liver metastasis possessed
high accessibility to the antibody and can be a good target of
RIT.However,poorpenetrationof theradiolabeledantibody
in metastases of several millimeters in diameter limit the
effective useofa â€˜311-labeledantibody. When â€˜@â€˜Iis used asa
therapeutic radioisotope, even smaller micrometastases with
submillimeter diameter are the target of choice, and, in such
a situation, the â€˜3'I-labeledantibody could effectively con
trol the metastasis. The administered dose, however, was
very high and further potentiation of the therapeutic effect is
necessary.The very high uptake and satisfactory metastasis
to-liver ratios achieved with the â€œIn-labeledantibody
suggests that the use of a radiometal with high f3-energy
such as 90Y or â€˜88Reis preferable for the successful RIT of
larger metastases.
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