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ABSTRACT 

The anti-carcinoembryonic antigen murine monocional antibody 
MAb35 and its F(ab')2 fragment were labeled with laq or the potential 
therapeutic nuclide 67Cu. In vivo distribution patterns were compared in 
nude mice bearing human tumor xenografts by coinjection of the la~I- and 
67Cu-labeled materials, thereby minimizing variations due to xenograft 
and host animal. The results showed that the 67Cu-labeled intact MAb35 
achieved twice the percentage of injected dose/g tumor when compared to 
its t31I-labeled counterpart, without significant impairment of the whole- 
body distribution pattern. However, this effect was not evident in the case 
of F(ab')2, where high uptake of 67Cu was found in the kidney without any 
enhancement of accumulation in the target xenografts. To investigate the 
underlying causes of the different distribution patterns observed, iodine 
labeling was also performed using a more stable linkage, and the results 
indicated that the observed differences cannot be explained by simple 
deiodination of conventionally labeled preparations. We conclude that the 
intact form of the 67Cu-labeled antibody may be superior to the F(ab')2 
fragment for use in our intended clinical studies. Our continuing work on 
the processing of radiometal-labeled F(ab')2 fragments, at the systemic 
and cellular level, will hopefully lead to a strategy to circumvent the 
problem of high kidney accumulation. 

INTRODUCTION 

An evaluation of clinical RIT 3 studies performed to date shows that 
a large variation in efficacy is observed. This variation depends on 
many contributory factors including radiosensitivity of the target tu- 
mor, its accessibility, and the distribution characteristics of the anti- 
body selected for use. As a result, many studies have been performed 
on hematological cancers which have good systemic accessibility (1, 
2) or studies have used a regional therapeutic approach such as that 
used against ovarian tumors in which the radioimmunoconjugate can 
be administered directly into the peritoneum (3). Solid tumors dis- 
playing widely dispersed micrometastatic deposits and high radiosen- 
sitivity, such as postchemotherapy small cell lung cancer (4, 5) and 
neuroblastoma (6), have been suggested as suitable targets for RIT. By 
far the majority of clinical studies have used 131I as the therapeutic 
moiety because its 13 emission is appropriate for therapy with a mean 
energy of 180 keV (606-keV maximum). 131I is also widely available 
and inexpensive, and the chemistry of linkage to antibody is well 
established. In addition, the abundant -y radiation associated with 1311 

means that it can be used for immunoscintigraphy. The predominant ~/ 
emission occurs at 364 keV with an abundance of 82%, and in total the 
3/ emissions associated with 131I account for two-thirds of the ab- 
sorbed dose equivalent of this nuclide (7). This may be a major 
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drawback for this radionuclide in its application for RIT because this 
emission contributes significantly to the whole-body radiation burden 
of the patient and, in particular, contributes to the normally dose- 
limiting radiation burden to the bone marrow. As a secondary consid- 
eration, this 3' component also leads to raised radiation exposure for 
radiopharmacy and medical staff (who are repeatedly exposed by the 
nature of their work) and presents logistic problems in relation to 
hospitalization of patients, time of release, and waste disposal. In an 
effort to increase the radiation dose to the tumor so that the therapeutic 
responses can be more frequently obtained, higher levels of activity 
than previously used have to be administered with any chosen MAb. 
To achieve these higher doses without compromising the patient by 
virtue of bone marrow toxicity, it is logical to apply radionuclides with 
more appropriate physical characteristics than 131I (see Ref. 8 for a 
more extensive review of potential therapeutic nuclides). The current 
consensus is that isotopes with a low abundance of associated 3~ 
radiation and a mean/3 energy in the range 100-500 keV would be of 
interest for use in RIT of micrometastatic disease. The nuclide 67Cu 

has been suggested as a promising candidate, having a mean/3 emis- 
sion energy of 141 keV (which is only slightly lower than that of 131I) 
but with a much reduced 3/component having a main "y emission of 
only 182 keV and an abundance of only 42%. Some evaluation of 
67Cu-labeled Lym-1 MAb has been performed at the University of 
California (9, 10) where 67Cu-labeled Lym-1 was found to display 
favorable tumor retention in patients given low diagnostic doses when 
compared to 131I-labeled Lym-1. 4 In our own initial studies (11) using 
the anti-colon carcinoma MAb35, labeling with 67Cu was achieved 
using the macrocyclic ligand 14N4 (12). These studies suggested that 
higher absolute tumor levels of 67Cu were achievable in a nude mouse 
xenograft system than had been observed with the 131I-labeled form of 
MAb35. In the present paper, we more closely examine this effect and 
broaden our studies to look at the effect of 67Cu labeling on the 
biodistribution of MAb35 F(ab')2 fragments. The application of MAb 
F(ab')2 fragments for RIT has been proposed on several grounds, 
including better tumor penetration than intact antibodies (13) (thereby 
reducing the likelihood of "cold spots") and a lack of the Fc portion, 
which would be expected to lead to reduced uptake by the reticulo- 
endothelial system. Also, previous studies on iodinated F(ab')2 frag- 
ments have suggested them to be superior to intact antibody for 
therapeutic application by virtue of an improved therapeutic index 
(14, 15). Clearly, any additional improvement in the efficacy of the 
MAb35 F(ab')2 fragment over the intact antibody as a result of label- 
ing with 67Cu would be of interest for our planned clinical studies. 

MATERIALS AND METHODS 

MAb Production and Purification. MAb35 was generated commercially 
as ascites by Charles River Biotechnology Services, Ltd., Margate, England. 
Purification was performed by protein A (Pharmacia) chromatography. Purity 
and molecular weight of the product were assessed by nonreducing SDS- 
PAGE, and then the antibody was transferred by dialysis into a storage buffer 
(0.1 ~ Tris-0.15 M NaC1, pH 7.3) prior to freezing to -80~ 

F(ab')2 Fragment Production. A 20-mg aliquot of MAb35 (in 900 pJ 50 
mu Tris buffer, pH 7.0- 2 mu EDTA) was mixed with 400 /~g bromelain 

4 G. DeNardo, personal communication. 
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(Merck; 3.7 units/mg) in 100 p,1 of the same buffer. A 10-txl aliquot of 100 mM 
OL-cysteine was added, and the reaction mixture was incubated for 2.5 h at 
37~ with gentle agitation. The digestion was stopped by the addition of 100 
~1 (in the reaction buffer) of 100 mM ethylmaleimide (Pierce) and 1 mg of 
N-(trans-epoxysuccinyl)-L-leucine-4-guanidinobutylamide (Fluka) in etha- 
nol:Hz0 (1:1, v/v) (16). The digested material was mixed 1:1 with binding 
buffer (140 mM sodium phosphate buffer) and applied to a Protein A column 
(Pharmacia). Fractions containing protein which ran through the column were 
collected, pooled, and then concentrated in a Centricon 30 microconcentrator 
(Amicon) to 1 ml and purified over a Superose 12 sizing column using a FPLC 
(Pharmacia). Purity and molecular weight were again assessed by PAGE. 

Preparation and Use of 4-(1,4,8,11-Tetraazacyclotetradec-l-yl)methyl- 
benzoic Acid Tetrahydrochloride Ligand 14N4. The 14N4 ligand was pre- 
pared as originally described (12), and its purity was assessed by nuclear 
magnetic resonance and IR spectrometry. Conjugation of MAb with the 14N4 
macrocycle was performed using a 64:1 molar excess of ligand as follows. 
Thirty-one mg of 14N4, 76 mg of N-(3-dimethylaminopropyt)-N'-ethylcarbo- 
diimide (Fluka), and 16.5 mg N-hydroxysulfosuccinimide sodium salt (Fluka) 
were added to 1.1 ml of 0.1 ra sodium phosphate (pH 7.0), and then the reaction 
volume was made up to 2.2 ml with the same buffer. The reaction mix was 
stirred for 1 h at room temperature, and then the pH was adjusted back to 7.0 
with 1 ~ NaOH. A 25-/xl aliquot of this mixture was added to 1.65 mg of intact 
MAb35 in 675 p,l of 0.1 M phosphate buffer (pH 7.0). In the case of MAb35 
F(ab')2, 37.5 p,1 of the activated ligand solution were added in order to 
maintain the molar ratio at 1:64. After 1 h of stirring at ambient temperature, 
the ligand-substituted reagents were purified on a Superose 12 FPLC column 
preequilibrated with 0.2 U succinate buffer (pH 4.0) and eluted in the same 
buffer ready for labeling. 

For labeling of 14N4-conjugated MAb with 67Cu, 30 ~1 (750/xCi) of 67Cu 
in 0.1 M HC1 was mixed with 50 t~l of 0.2 M succinate buffer (pH 4.0) and then 
added to 100/~g of MAb in 100 ~1 of 0.2 M succinate (pH 4.0). The mixture 
was stirred for 30 min at ambient temperature, and then 50 /xl of saturated 
14N4 solution was added. After 5 min, the whole reaction mixture was loaded 
onto a Superose 12 FPLC column preequilibrated with PBS (pH 7.4) and 
eluted in the same buffer. 

Radioiodine Labeling of MAb and Its F(ab')z Fragment by the Iodo- 
Gen Technique. Iodo-Gen (0.1 mg; Pierce) was dissolved in 0.2 ml of chlo- 
roform and added to a 1-ml vial. The solvent was evaporated with a gentle 
stream of nitrogen, and then 0.5 mg of the intact or fragmented MAb in 0.5 ra 
phosphate buffer (pH 7.4) was added. The required amount of t31I (Paul 
Scherrer Institute) was added, and the reaction was continued for 15 min on ice 
with stirring. The reaction mixture was then applied to a prepacked Sephadex 
G-50 column (PD10; Pharmacia) which was preequilibrated with PBS and then 
etuted in the same buffer. 

Preparation of N-Succinimidyl-4-tri-n-butyistannylbenzoate and Sub- 
sequent Radioiodination Procedure. All procedures relating to production, 
labeling, and coupling to antibody using the above reagent are modifications of 
those described by Wilbur et aI. (17). Dicyciohexylcarbodiimide (3.92 g; 
Fluka) was added to 20 ml of dried tetrahydrofuran (Merck) and allowed to 
dissolve to give a colorless solution. This was stirred for 10 rain and 2 ml of 
dry methanol (MeOH) were added; stirring was continued for an additional 60 
rain. Then 4.02 g of 3-bromobenzoic acid were added, resulting in a milky 
precipitate. The reaction mixture was stirred for an additional 3 h at 60~ and 
then allowed to cool to room temperature. The mixture was then vacuum 
filtered to give 3-bromobenzoic acid methylate. 

One g of 3-bromobenzoic acid methylate in 6 ml of toluene was added to 2.8 
ml of hexabutytdistannan. Next, 0.042 g of tetrakis(triphenylphosphine) pal- 
ladium (0) in 4 ml toluene was added. An additional 10 ml of toluene were 
added, and the mixture was heated to 110~ and refluxed for 22 h. At the end 
of the reaction period, the toluene was evaporated off under vacuum of around 
0.1 millibar, n-Pentane (15 ml) was added to the black residue. The solution 
was colorless and contained a black, insoluble material which was filtered off. 
The n-pentane was then removed under reduced pressure to leave an oily liquid 
from which the product was obtained by column chromatography using silica 
gel as solid phase and hexane:ether (9:1) as eluent. 

Tributylstannylbenzoic acid methyl ester (1.54 g) was dissolved in 20 ml of 
ethanol, and the solution was cooled before adding 0.388 g of potassium 
hydroxide. The solution was then refluxed for 4 h at 60~ before drawing off 
the ethanol under vacuum. The solid product was then dissolved in an exact 

stoichiometric quantity of 1 M hydrochloric acid and allowed to react slowly at 
a slightly raised temperature. Finally, the suspension was repeatedly extracted 
with ether which was pooled and then dried under vacuum with anhydrous 

sodium sulfate to give the final product. 
To label and then conjugate N-succinimidyl 4-tri-n-butylstannylbenzoate, a 

50-p,l aliquot of a 0.25-mg/ml solution of the above compound in 1% acetic 
acid/methanol was added to a reaction vial through a septum followed by a 
10-p,1 aliquot of a 1-mg/ml solution of n-chlorosuccinimide (Sigma Chemical 
Co.) in MeOH and 10/.d of PBS. 13q was added to the mixture (1-5 mCi) and 
reacted for 5 min at room temperature. The reaction was then quenched using 
10/xl of a 0.72-mg/ml aqueous solution of NaHSO3. Methanol was evaporated 
off under a stream of Nz for 8 min using an inlet needle and an outlet needle 
connected to a charcoal trap. Finally, 500/xg of antibody were added to -100  
/.d of 0.5 M borate buffer (pH 9.3). After 5 min at room temperature, the labeled 
antibody was purified over a prepacked Sephadex G-50 column which had 
been preequilibrated with PBS. 

In V'aro Immunoreactivity. The assessment of biological activity of all 
labeled antibody preparations was performed on fixed LoVo cells, a human 
adenocarcinoma cell line (American Type Culture Collection), according to the 
method of Lindmo et at. (18). A fixed amount of the labeled preparation was 
incubated with a range of cell numbers (7.5 • 105 to 4.0 x 106) overnight at 
37~ After three washes with PBS-containing 0.5% human serum albumin, 
the cells were digested using 0.5 ml of 1 M NaOH and counted in a gamma 
counter. A plot of cpm input divided by cpm specifically bound against the 
reciprocal of the cell number results in a line intercepting the Y-axis (point of 
infinite antigen excess) from which the percentage of immunoreactivity can be 
calculated. Nonspecific binding was determined by displacement with excess 

cold antibody. 
In Vivo Distribution Studies. Female NMRI-nu/nu mice were bred within 

the Institut fiir Versuchstierforschung, Universit~it Ziirich. The animals were 
maintained on pathogen-free food and drinking water which were given ad 

libitum. Tumor xenografts were grown by injecting 5 x 106 LoVo cells s.c. in 
a dorsal position near the shoulder 2 weeks prior to use. 

The in vivo distribution of MAb35 and its fragment in xenograft-bearing 
nude mice was determined by simultaneous i.v. injection of 20 p~g of test 
material labeled with - 1 0  poCi of 131I using the Iodo-Gen or butylstannylben- 
zoate method and the same amount and activity of the 67Cu-labeled form. Each 
group contained three animals and the mean tumor weight at the time of 
injection was 186.7 _ 94.2 mg (SD). Mice were dissected at appropriate time 
points postinjection; organs were weighed and then counted in a gamma 
counter using a dual-label program which corrects for counting spiltover. In 

vivo distribution of test materials to various organs are expressed in absolute 

terms as %ID/g. 
Dual-channel gamma camera scintigraphy was also performed at appropri- 

ate times postinjection. Images were generated from 50,000 counts obtained 
using a Siemens Basicam camera and a Microdelta computing system. A 
pinhole collimator positioned 10 cm from the animal was used with windows 
set at 183 keV __+ 15 keV for 67Cu and 364 keV __- 15keV for 131I. 

R E S U L T S  

Production, Purification, and Labeling of Intact MAb35 and Its 
F(ab ' )2  F r a g m e n t .  Both intact and f ragmented  MAb35 were  pro- 

duced by the described methods in good yield. The purity o f  the two 

preparations was conf i rmed by  nonreducing  SDS-PAGE run on a 

PhastSystem (Pharmacia)  using a 12.5% gel and Coomass ie  blue 

staining. The two preparations appeared as single bands correspond- 

ing to Mr 150,000 and 100,000 for intact and f ragmented  material,  

respectively. 

The Iodo-Gen labeling technique was  routinely used to produce 

13q-labeled materials with a specific activity in the range 1-5  mCi /mg  

without  impairment  o f  biological activity. Iodination by the indirect 

method using the reagent  N-succinimidyl-4- t r i -n-butyls tannylbenzo-  

ate resulted in lower  specific activities o f  around 0.6 mCi/mg.  Label- 

ing with 67Cu using the 14N4 ligand resulted in specific activities of  

0.3-0.55 mCi /mg of  antibody. 
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SDS-PAGE of  the labeled products (using a 12.5% polyacrylamide  

gel and run under  nonreducing condit ions) conf i rmed the integrity of  

the radiolabeled materials. 

Assessment  by  Lindmo assay o f  the immunoreact iv i ty  of  the ra- 

dioiodine and radiocopper- labeled preparations of  both intact and 

f ragmented  MAb35 showed them to have an immunoreact iv i ty  o f  over  

80%. Nonspecif ic  binding was determined by  competi t ion with excess 

unlabeled MAb35 and was  less than 5% in all cases. 

I n  Vivo Dis t r ibu t ion  S tud ies  o f  l a l I - l abe led  a n d  67Cu-labeled 

M A b 3 5 .  Complete  biodistribution studies were  per formed on three 

separate occasions and yie lded similar results to the representat ive 

data described here. The  signif icance o f  differences observed in organ 

accumulat ion at single t ime points was de termined by  Student 's  t test 

and for a series o f  data using the paired-sample test. Fol lowing coin- 

ject ion of  a mixture o f  1311- and 67Cu-labeled MAb35 into nude mice  

bearing LoVo tumor xenografts ,  it was  found that, despite similar 

circulating levels in the blood, 67Cu-labeled intact MAb35 achieved 

higher  tumor %ID/g values than its 131I-labeled counterpart  at all t ime 

points (Table 1); this effect  was  statistically significant at P < 0.001. 

Al though tumor accumulat ion was not significantly different after 1 

day (P  > 0.1), the observed differences at days 2, 3, 4, 5, and 7 

postinjection were  significant at P < 0.002, 0.02, 0.01, 0.01, and 0.05, 

respectively. As circulating levels o f  both nuclides were  similar 

throughout  the experiment,  this observation is unlikely to be due to 

differences in the rate o f  accumulat ion o f  the two immunoconjuga tes  

and is more  likely to indicate an increased resistance to catabolism of  

the 67Cu-MAb35. A m a x i m u m  value for the 67Cu-MAb35 more  than 

twice as high as the 13q-labeled material  was  achieved at day 5 

postinjection (24.6 compared  with 12.1%ID/g) .  Higher  accumulat ion 

was also observed for 67Cu-MAb35 in liver and spleen, resulting in 

higher organ:blood ratios (Fig. l a ) .  These higher %ID/g values for 

67Cu in liver and spleen were  statistically significant when  compared  

to 131I with P of  <0 .001 and <0 .05 ,  respectively. The higher levels o f  

67Cu-MAb35 observed in the LoVo xenografts  resulted in markedly  

improved tumor:blood ratios at all t ime points postinjection when  

compared  to 131I-MAb35 (Fig. 2). Tumor:blood ratios for 131I-MAb35 

remained be low 2 at all times, whereas  for the 67Cu-MAb35 the ratio 

increased steadily during the exper iment  to reach a value of  close to 

6 at day 7 postinjection. 

Dual-channel  scintigraphy per formed on mice receiving injections 

o f  a mixture o f  intact MAb35 labeled with  either 131I or  67Cu con- 

f i rmed the superior tumor:blood ratios of  the copper-labeled antibody. 

Thus, despite tumor localization o f  a31I-MAb35 as conf i rmed by 
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Fig. 1. (a) Organ:blood ratios at 3 days postinjection for intact MAb35 labeled with 
13q (IS]) and 67Cu-labeled (~) (b) organ:blood ratios at 24 h postinjection for MAb35 
F(ab')2 f~agments labeled with 13q (lEt) and 67Cu (~. TU~ tumor; L/, liver; Ki, kidney; Sp, 
spleen; Ht, heart; lnt, intestine. 

direct ~ /measurement  of  dissected tissues, no tumor could be visual- 

ized at any time postinjection by  g a m m a  scintigraphy due to the 

l imited contrast be tween the tumor and background (see Fig. 3a 

generated 6 days postinjection). By contrast, when  s imultaneously 

Table 1 In vivo distribution of 67Cu- and 131I-labeted MAb35 expressed as %lD/g 

A mixture of the two preparations was injected into mice in groups containing three animals. 

Days postinjection 

1 2 3 4 5 7 

67Cu 
Blood 11.4 _-_ 0.47 ~ 8.6 -+ 0.54 6.6 + 0.60 6.3 • 1.17 5.3 • 1.13 4.0 + 0.65 
Tumor 16.9 • 5.44 21.1 • 1.79 21.0 • 3.98 22.3 • 3.15 24.6 • 3.22 22.4 • 4.40 
Liver 2.8 • 0.44 3.6 • 0.37 3.2 • 0.45 3.3 • 1.02 3.3 --- 0.54 3.8 + 0.50 
Kidney 2.4 • 0.36 2.2 • 0.14 1.8 • 0.24 1.7 --- 0.24 1.9 --- 0.43 2.0 • 0.18 
Spleen 4.6 • 0.52 4.2 • 0.90 3.3 • 0.20 3.4 • 0.76 3.7 • 1.20 5.3 - 0.97 
Heart 2.9 • 0.68 2.8 • 0.75 2.0 • 0.37 2.0 • 0.33 1.8 • 0.12 1.5 • 0.26 
Intestine 0.8 --- 0.14 1.3 • 0.27 0.7 • 0.08 0.8 • 0.27 0.7 • 0.24 0.8 --- 0.16 

1311 
Blood 12.3 _+ 0.85 9.5 +_ 0.60 7.3 --- 0.61 7.6 --- 1.00 6.1 • 1.37 6.5 --- 0.94 
Tumor 12.1 _ 4.22 12.0 + 0.86 10.8 • 2.08 11.2 ___ 1.80 10.1 • 0.90 12.1 --- 3.11 
Liver 2.1 • 0.15 2.1 - 0.06 1.4 --- 0.31 1.4 --- 0.26 1.1 --- 0.49 1.4 • 0.18 
Kidney 2.1 • 0.46 1.6 • 0.17 1.2 • 0.23 1.1 • 0.40 1.2 • 0.40 1.0 - 0.16 
Spleen 2.3 • 0.12 1.9 • 0.26 1.1 • 0.10 1.4 -+ 0.64 1.3 • 0.76 1.0 • 0.17 
Heart 2.9 --- 0.87 2.8 • 0.75 1.9 • 0.23 2.1 • 0.65 1.3 • 0.25 1.8 • 0.51 
Intestine 0.6 • 0.10 0.9 --- 0.23 0.4 • 0.06 0.5 • 0.15 0.5 --- 0.17 0.8 • 0.31 

"Mean - SD. 
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Fig. 2. Tumor:blood ratios observed at various times postcoinjection of 131I-labeled 
(E3) and 67Cu-labeled (~) intact MAb35. 

imaging 67Cu in the same animal, the improved tumor:blood ratio of 
the 67Cu-labeled MAb35 resulted in the xenograft being clearly vis- 
ible (Fig. 3b). 

In Vivo Distribution Studies of 131I-labeled and 67Cu-labeled 
MAb35 F(ab')2 Fragment.  In contradiction to the results obtained 
using intact antibody, 67Cu-labeled MAb35 F(ab')2 fragment did not 
achieve higher %ID/g values in target xenografts than its 131I-labeled 
counterpart with a maximum of 6.7%ID/g and 6.9%ID/g, respectively, 
at 12 h postinjection (Table 2), although the more rapid clearance of 
the 67Cu-labeled material did lead to improved tumor:blood ratios 
(Fig. lb). Highly elevated levels were, however, observed in the 
kidney (maximum of 36.7 %ID/g at 12 h postinjection) and in the liver 
(6.5%ID/g). Corresponding values for the 131I-F(ab')2 were 4.1 and 

1.4%ID/g (Table 2; Fig. 4). Clearance from the blood stream was 
apparently faster in the case of the 67Cu-F(ab')2 so that by 8 h 
postinjection, it had fallen to a level around one-half of that observed 
with the 131I-F(ab')2 (4.8 and 9.3%ID/g, respectively), although the 
effect was not significant (P > 0.05). 

In order to determine if deiodination of 131I-F(ab')2 in the kidney 
followed by rapid excretion of iodine was responsible for the lower 
observed kidney levels of 1311 than 67Cu, in vivo distribution studies 
using the reagent N-succinimidyl-4-tri-n-butylstannylbenzoate to 
achieve a more stable iodination of MAb35 F(ab')2 were performed. 
Biodistribution results are shown in Table 3 and show that this ap- 
proach did not result in increased accumulation of 131I in the kidney 
(Fig. 4) with 3. l%ID/g at 24 h compared with 2.0%ID/g when labeled 
by the conventional Iodogen method. However, the enhanced stability 
of the iodine labeling used in this experiment did lead to a difference 
in the level of tumor accumulation of 1311 with 12.0 _ 2.56 %ID/g 
tumor at 24 h postinjection compared with 5.5 __+ 1.55) %ID/g for the 
Iodo-Gen-labeled material. 

Another possible explanation for the different kidney uptake of the 
131I-(Fab')2 and the 67Cu-F(ab')2 was that the substitution of frag- 
mented antibody with the 14N4 ligand leads to its rerouting and 
accumulation in the kidney, thereby resulting in the observed elevated 
67Cu levels. To test this possibility, a control experiment was per- 
formed in which MAb35 F(ab')2 fragment was first substituted with 
14N4 ligand but then labeled with 131I; in vivo distribution was 
assessed as described previously. It was found that levels of 13tI 
measured in the kidneys at various time points postinjection remained 
low with %ID/g values at 1 h postinjection similar to those observed 
with non-14N4 substituted 131I-labeled F(ab')2 fragments at 7.0 _ 
1.36 and 8.3 ___ 1.05, respectively, and falling to 0.9 __+ 0.26 %ID/g at 
24 h (Fig. 4). These results indicate that a rerouting of F(ab')2 frag- 
ments as a consequence of substitution with the 14N4 ligand is not the 
sole cause of the observed differences in nuclide accumulation in the 
kidney. 

a) b) 

d 

Fig. 3. Gamma camera scintigraphy of a tumor 
xenograft-bearing nude mouse 6 days post coinjec- 
tion of 131I-labeled and 67Cu-labeled intact 
MAb35. Images were generated using windows set 
for (a) 131I and (b) 67Cu. T, tumor xenograft (vis- 
ible only when imaging 67Cu). 
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Table 2 In vivo distribution of 67Cu- and/31I-labeled MAb35 F(ab')2 fragments expressed as %lD/g 
A mixture of the two preparations was injected into mice in groups of  3 animals. 

h postinjection 

1 4 8 12 24 48 

67Cu 

Blood 16.6 • 2.91 a 9.9 • 0.65 4.8 ___ 0.43 4.0 • 0.18 1.5 • 0.19 1.0 • 0.17 
Tumor 2.4 ___ 0.82 4.6 • 0.90 5.9 • 1.20 6.7 • 4.27 5.2 • 2.82 4.8 • 1.17 
Liver 5.1 • 0.92 6.3 +_ 0.87 5.8 • 0.76 6.5 • 1.35 5.3 --- 0.67 5.5 --- 1.24 
Kidney 22.3 ___ 3.57 35.8 • 3.32 31.9 • 2.33 36.7 • 4.98 29.1 • 2.00 23.4 - 4.78 
Spleen 3.8 _+ 0.97 4.2 • 1.06 2.8 + 0.25 3.8 ___ 0.51 3.3 • 0.26 4.1 • 0.37 
Heart 4.5 • 1.81 3.4 __. 0.14 2.3 • 0.36 2.7 • 0.18 1.7 --- 0.37 1.7 • 0.26 
Intestine 1.1 • 0.13 1.1 • 0.13 0.7 _ 0.31 1.0 • 0.07 1.1 • 0.17 1.2 • 0.16 

/311 
Blood 17.3 • 3.57 14.6 - 1.50 9.3 - 0.70 8.2 • 0.35 4.1 • 0.64 1.8 - 0.30 
Tumor 2.8 __. 0.97 5.2 - 1.07 5.5 --- 1.55 6.9 • 4.98 5.5 --- 3.90 3.2 --- 1.63 
Liver 2.3 --- 0.57 1.9 -- 0.15 1.2 + 0.08 1.4 --- 0.13 0.7 --- 0.19 0.5 --- 0.13 
Kidney 8.3 • 1.05 6.0 _ 0.64 3.9 • 0.49 4.1 • 0.75 2.0 • 0.22 1.0 --- 0.25 
Spleen 2.6 • 0.75 2.3 • 0.52 1.3 • 0.17 1.3 ___ 0.20 0.9 • 0.17 0.5 • 0.12 
Heart 4.7 + 2.16 3.6 • 0.41 2.7 • 0.46 2.9 • 0.16 1.5 _ 0.52 0.7 • 0.11 
Intestine 1.1 • 0.04 1.6 +- 0.21 0.7 • 0.29 0.7 - 0.21 0.6 • 0.21 0.3 --. 0.08 

a Mean _+ SD. 
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Fig. 4. Nuclide levels found in the kidneys of nude mice expressed as %ID/g at various 
times following injection of  ( l l)  67Cu-labeled MAb35 F(ab')2, (A) 13q-labeled MAb35 
F(ab')2, (V) deiodinase-resistant a31I-labeled MAb35 F(ab')2, or (0 )  131I-labeled 14N4- 
substituted MAb35 F(ab')2. 

DISCUSSION 

This paper describes preclinical studies on radioimmunoconjugates 
constructed using the intact and fragmented MAb35 anti-colon carci- 
noma antibody and the potential therapeutic isotope 67Cu. MAb35 is 
an appropriate antibody for our studies because it is directed against 
a carcinoembryonic antigen determinant expressed on colon carci- 
noma, one of the most prevalent and lethal of cancers but also because 
MAb35 is one of the most extensively studied murine monoclonal 
antibodies in the literature and one with which much clinical exper- 
tise, in both scintigraphy and therapy, has already been gained 
(19, 20). 

At the outset of our studies, it was anticipated that 67Cu would 
prove more appropriate as a therapeutic moiety for RIT simply by 
consideration of its radiation characteristics. However, our initial in 
vivo studies using intact MAb35 confirmed a potential secondary 
benefit to be gained from the application of 67Cu in that the absolute 
levels of accumulation in the target tumor were almost twice as high 
as those observed using 131I-labeled MAb35. Clearly, a lower whole- 
body toxicity through reduced 3' emissions and an increased tumor 
accumulation would be expected to combine to give an improved exit the cell and be 
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therapeutic index in clinical studies, assuming these observations 
translate to the patient. 

An important point of debate in the field of RIT in recent years has 
been whether intact or fragmented antibody should be used as the 
vehicle to deliver therapeutic nuclides (14, 21). An equivalent im- 
provement in the biodistribution of 67Cu-F(ab')2 MAb35 compared to 
the 131I-F(ab')2 (as was observed in the case of the intact antibody) 
would have given considerable support to claims that F(ab')2 frag- 
ments are preferable for therapy (because of their rapid clearance and 
accompanying reduced whole-body toxicity) and would have reduced 
the validity of the criticism that F(ab')2 fragments generally achieve 
lower absolute levels of tumor accumulation and have shorter mean 
residence times at the target tumor than intact antibodies and therefore 
have a poorer chance of achieving a therapeutic effect (22, 23). An 
improvement in F(ab')2 biodistribution following 67Cu labeling was 
not observed, with tumor accumulation for 67Cu and 131I-labeled 
F(ab')2 found to be similar. However, high accumulation of 67Cu was 
observed in the kidney at all time points postinjection. Reports have 
already appeared in the literature of studies performed in animal 
model systems showing high accumulation in the kidney following 
administration of F(ab')2 fragments labeled with radiometals such as 
indium (23-25) and lutetium (26), and there has also been a report of 
a similar effect observed following administration in a hamster model 
of an F(ab')2 fragment labeled with the PET nuclide 64Cu (27). This 
seems then to be a general phenomenon which may, if it presents itself 
in the clinical situation, prohibit the use of radiometal-F(ab')2 immu- 
noconjugates for therapeutic purposes. The normal routing of small 
proteins within the kidney involves initial glomerular filtration, which 
is size and charge dependent, followed by uptake into endocytotic 
vesicles in the apical region of proximal tubular cells. The endocytotic 
vesicles then migrate away from the apical border and fuse with 
lysosomal vesicles where proteolytic degradation occurs (28). The 
catabolism of radioiodinated antibodies is thought to proceed by two 
distinct mechanisms, dehalogenation by deiodinase enzymes and pro- 
teolytic digestion by acid proteases within the lysosome. In accord- 
ance with this, the observed difference in accumulation in the kidney 
of radioiodine and radiometals after the administration of labeled 
antibody fragments may be explained by differences in catabolism. In 
our present study, the utilization of a stable iodine linkage to the 
F(ab')2 fragment did not lead to increased levels of 131I in the kidney, 
suggesting that even in the absence of deiodination the radioiodinated 
antibody fragment is catabolised to yield a product which can readily 

excreted in the urine, whereas the radiometal- 
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Table 3 In vivo distribution of 67Cu- and 131I-labeled MAb35 F(ab')2 fragments expressed as %tD/g. 

131I labeling was performed using the N-succinimidyl-4-tri-n-butylstannyl benzoate ligand to confer stability. A mixture of the two preparations was injected into mice in groups 
containing 3 animals. 

h pastinjection 

1 4 8 12 24 

67Cu 

Blood 17.8 ___ 9.63 '~ 8.9 __ 0.38 3.2 • 0.11 1.7 ___ 0.29 0.6 --- 0.13 
Tumor 2.1 --- 0.60 2.7 • 1.27 5.6 --- 1.96 4.7 • 0.30 6.6 --- 1.45 
Liver 7.6 • 3.39 8.3 --- 0.92 10.8 --- 1.80 7.4 - 1.70 8.4 • 2.09 
Kidney 20.1 • 5.90 32.6 +-- 5.32 46.5 • 5.48 33.0 • 2.70 42.4 • 12.34 
Spleen 2.9 _ 0.06 4.1 ___ 1.02 5.4 ___ 1.56 3.5 _+ 0.49 4.3 • 0.07 
Heart 5.7 • 2.29 3.6 • 0.78 3.2 _ 0.76 1.8 • 0.36 1.2 • 0.12 
Intestine 1.7 • 0.59 1.2 • 0.10 1.1 • 0.37 0.8 • 0.01 0.9 --- 0.14 

13t 1 

Blood 26.5 _ 8.77 18.9 +_ 1.97 14.9 ___ 2.32 8.7 __. 0.96 5.5 • 0.67 
Tumor 3.0 - 1.13 4.2 _+ 2.06 10.2 --- 3.11 8.7 • 0.95 12.0 • 2.56 
Liver 4.7 _+ 1.77 3.3 --+ 0.32 3.5 - 0.21 1.6 ___ 0.31 1.4 --- 0.21 
Kidney 7.3 ___ 1.70 5.6 • 1.02 6.5 -- 1.00 4.0 • 0.90 3.1 • 0.84 
Spleen 3.3 --- 0.21 2.8 • 0.52 2.5 • 0.83 1.7 • 0.21 1.3 --- 0.06 
Heart 8.3 _+ 1.98 5.3 • 1.61 7.7 • 2.64 2.3 ___ 1.30 2.7 --- 0.29 
Intestine 2.1 ___ 0.71 1.6 • 0.06 1.2 ___ 0.44 0.9 --- 0.58 0.6 --- 0.12 

a Mean _+ SD. 

labeled material is not. The most likely explanation for the raised 
levels of 67Cu found in the kidney in our studies centers on the 
inability of the nuclide-14N4 complex, whether peptide bound or not, 
to exit from the cells in which degradation occurs, whereas negatively 
charged radioiodo-tyrosine and free iodide achieve this readily (29). 
Of interest in this respect would be an evaluation of the kidney 
accumulation of rhenium following administration, in a similar model 
system, of a Re-labeled F(ab')2. Rhenium is known to be relatively 
easily oxidized when not extremely stably chelated, resulting in the 
liberation of perrhenate which has a similar size as the iodide ion and 
is also negatively charged. Should these prove to be deciding factors 
in the ability of a given nuclide to escape the catabolic environment of 
the proximal tubule celt lysosome, then a correspondingly low nuclide 1. 
accumulation in the kidney may be anticipated, as has been described 
recently in the case of a 186Re-F(ab')2 fragment of the E48 Mab which 
has potential for application in head and neck cancer (30). 

Still unclear is the mechanism whereby radiolabeled F(ab')2 frag- 2. 
ments, with a Mr ~100,000, gain access to the kidney where glomer- 
ular filtration is known to play a role, predominantly for proteins with 
a molecular weight of under Mr 50,000 (28). It may prove to be the 

3. 
case that the fragments must first dissociate into their constituent Fab 

fragments (perhaps through easier reduction of interchain disulfide 
bridges following the removal of the Fc region) prior to glomerular 4. 
filtration. Analysis of serum samples following injection of F(ab')2 
fragments shows no evidence of breakdown (24), although this may 5. 
be the result of it being a relatively slow but continuous process, 
together with a very high efficiency of clearance of the breakdown 6. 
products by the kidney. 

Our attention is now centered on the performance of a limited 7. 

clinical study to determine whether our observations in relation to 
67Cu-labeled F(ab')2 fragments translate into benefits for the patient. 8. 
If so, further characterization of the catabolism of 67Cu-F(ab')2 within 
the kidney is needed in order to find out how a 67Cu-labeled immu- 9. 
noconjugate with similar rapid blood clearance but lower retention in 
the kidney should be devised. If cellular retention of the Cu-chelate 
complex after terminal degradation of the 67Cu-F(ab')2 fragment 10. 
within the cell is found to be one of the mechanisms leading to 
enhanced kidney uptake, the construction of cleavable linkers between 11. 
carrier and chelate, as has been proposed to reduce nuclide accumu- 
lation in nontarget tissues (31), may not prove to be effective. On the 
other hand, bioengineering of fragments which bypass the process of 12. 
glomerular filtration may be found to be more useful. In the case of the 
intact MAb35 antibody, we conclude that the application of 67Cu as a 13. 
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therapeutic moiety for the construction of radioimmunoconjugates 
offers distinct advantages over i31| in terms of its reduced 3~ radiation, 
the stability of chelation within the 14N4 ligand, and the improved 
absolute accumulation of 67Cu at the target tumor. 
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